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Abstract 

Personalized nutrition is redefining dietary science through the integration of genetic, metabolic, and microbiome data 

to enable targeted interventions. Nutrigenomics and nutrigenetics underpin this approach by elucidating gene–diet 

interactions and inter-individual variability in metabolic responses. Recent advances in high-throughput sequencing, 

polygenic risk modeling, and microbiome profiling, coupled with multi-omics integration and artificial intelligence, have 

improved the prediction of diet–health relationships and enabled data-driven nutritional strategies. However, clinical 

translation remains limited by inconsistent evidence, lack of standardized biomarkers, and insufficient external validation 

of predictive models, alongside challenges in cost and scalability. Ethical concerns, including data privacy, regulatory 

oversight, and equitable access, further constrain implementation. Future research should prioritize large, diverse 

cohorts, rigorous validation frameworks, and integration of AI-driven decision support with clinically actionable outcomes 

to advance personalized nutrition toward scalable and evidence-based practice. 
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1 Introduction 

 Personalized nutrition marks a shift from one-size-

fits-all guidelines toward individualized dietary strategies 

based on genetic, metabolic, microbiome, and lifestyle 

characteristics (1). Evidence from nutrigenetics and 

nutrigenomics shows that common genetic variants, multi-

omic profiles, and gut microbiota composition contribute 

to large inter-individual differences in dietary response, 

disease susceptibility, and metabolic outcomes (2). These 

insights underpin efforts to move from population-level 

recommendations to precision nutrition frameworks that 

integrate genomic and phenotypic data to optimize health 

and prevent chronic disease (3). 

Rapid advances in biotechnology and data science 

have accelerated this transition. High-throughput 

genotyping and GWAS have identified hundreds of loci 

involved in nutrient metabolism, obesity, cardiometabolic 

traits, and host–microbe interactions (4). Parallel progress 

in epigenomics, transcriptomics, proteomics, 

metabolomics, and microbiome profiling has enabled 

multi-omics integration, providing a systems-level view of 

diet–gene–microbiome interactions (3). Coupled with 

artificial intelligence, machine learning, and digital health 

tools (wearables, continuous glucose monitoring, mobile 

apps), these platforms support real-time monitoring and 

prediction of individual dietary responses, with large trials 

such as FOOD4ME and PREDICT demonstrating improved 

weight, glycemic control, and adherence compared with 

standard advice (1,3) 

However, translation into routine clinical practice 

and public health remains constrained. Key barriers include 

limited long-term randomized trials, heterogeneous study 

designs, lack of validated and standardized biomarkers, 

high costs of omics technologies, and challenges in high-

dimensional data integration and infrastructure (5). Ethical 

and regulatory concerns data privacy, direct-to-consumer 

genetic testing, algorithm transparency, and inequitable 

access further complicate implementation and risk 

widening health disparities (6). 

Against this backdrop, the present review synthesizes 

current evidence on nutrigenomics and biotechnology in 

personalized nutrition, delineates major technological and 

methodological trends, critically evaluates translational, 

ethical, and regulatory challenges, and proposes future 

research directions to enhance clinical applicability and 

population-level impact. 

 

2. Material and Methods 

This review employed a narrative and integrative 

design to synthesize current evidence on nutrigenomics, 

biotechnology, and personalized nutrition, consistent with 

recent narrative and scoping reviews in precision nutrition 

and multi‑omics  

 

2.1 Literature Search Strategy 

Peer‑reviewed literature published between January 

2015 and March 2025 was searched in PubMed, Scopus, 

Web of Science, and Google Scholar, aligning with search 

practices in related reviews. Search strings combined 

controlled vocabulary and free‑text terms such as: 

i. “personalized nutrition” OR “precision nutrition” 

ii. “nutrigenomics” OR “nutrigenetics” OR 

“multi‑omics” 

iii. “microbiome” OR “gut microbiota” 

iv. “biotechnology” OR “artificial intelligence” OR 

“machine learning” 

Boolean operators (AND/OR) were used to refine 

queries, following strategies applied in recent systematic 

and semi‑systematic reviews. Reference lists of included 

articles were hand‑searched to identify additional records.  

 

2.2 Eligibility Criteria and Study Selection 

Studies were eligible if they: 

Addressed gene–diet interactions, multi‑omics, 

microbiome, or biotechnology in the context of 

personalized/precision nutrition. Reported mechanistic 

insights, technological innovations, or clinical/population 

applications were original experimental/observational 

studies, clinical trials, or reviews in humans or 

human‑relevant contexts. Non–peer‑reviewed grey 

literature and preprints were excluded, in line with 

high‑quality review practices 78. Titles and abstracts were 

screened, followed by full‑text assessment where needed, 
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similar to procedures described in recent systematic 

reviews. 

 

2.3 Additional Sources and Synthesis 

To capture translational, ethical, regulatory, and 

commercial dimensions, policy reports, regulatory 

documents, and industry/market analyses cited within 

scientific reviews were examined. Data were extracted on 

study type, population, omics/biotech tools, and 

application domain. A qualitative narrative synthesis was 

used to identify recurring themes, emerging technologies, 

and knowledge gaps across domains, reflecting methods 

used in prior integrative reviews in nutrigenomics, 

microbiome science, and multi‑omics healthcare. 

 

3. Results and Discussion 

3.1 Biological Basis: Gene–Diet–Microbiome Interactions 

Nutrients modulate gene expression via 

transcriptional and epigenetic mechanisms, while genetic 

variants shape responses to macronutrients, 

micronutrients, and dietary patterns, supporting the basis 

of nutrigenomics and nutrigenetics (7,8). SNPs in genes 

involved in obesity, insulin resistance, and inflammation 

alter responses to specific diets and nutrients, and 

polygenic risk scores can improve prediction of dietary 

effects on metabolic traits (7,9,10).  

The gut microbiota regulates nutrient bioavailability 

and produces short-chain fatty acids (SCFAs), which 

influence glucose homeostasis, appetite, inflammation, 

and cardiometabolic risk (3). Inter‑individual variability in 

microbiome composition and SCFA production 

contributes to heterogeneous glycemic and metabolic 

responses, with causal links suggested between 

butyrate/propionate pathways and insulin response or 

type 2 diabetes risk (11). However, microbiome dynamics, 

host genetics, medications, and lifestyle complicate 

reproducibility and generalization of microbiome‑based 

interventions (3,12). 

Host–microbiome interactions are bidirectional: diet 

and host genetics shape microbiota, while 

microbiota‑derived metabolites feedback on host gene 

expression and metabolism, reinforcing the need for 

integrative genomic–microbiomic approaches and 

longitudinal, systems‑level studies (7,11,13). 

Figure 1. Conceptual framework of personalized nutrition integrating nutrigenomics, 

multi-omics, and artificial intelligence. 
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3.2 Biotechnological Innovations Enabling Precision 

Nutrition 

High‑throughput sequencing supports 

comprehensive genotyping and metagenomic profiling, 

enabling discovery of obesity, insulin resistance, and 

microbiome‑related loci and pathways (14) GWAS and 

related approaches have identified hundreds of loci for 

adiposity, insulin resistance, and cardiometabolic traits; 

PRS are emerging to capture cumulative genetic risk and 

to stratify dietary response (14,15). 

Metabolomics, proteomics, and epigenomics 

provide functional readouts of dietary exposures and 

gene–environment interaction, revealing metabolic 

signatures of prediabetes, obesity, and fiber‑ or 

SCFA‑linked pathways (7,16). Multi‑omics integration 

offers a holistic view of metabolic phenotypes and 

supports risk prediction and tailoring of dietary 

interventions, but is hindered by methodological 

heterogeneity, high cost, high‑dimensional data, and lack 

of standardized integration pipelines and clinical 

workflows (10,14). 

 

3.3 AI and Digital Health Technologies 

AI and ML are increasingly applied to multi‑omics 

and digital nutrition data to model complex diet–gene 

microbiome–phenotype relationships (17,18). ML models, 

including deep architectures, can predict individual 

metabolic responses and optimize personalized 

interventions, with some multi‑omics‑driven precision 

nutrition trials reporting superior improvements in 

glycemic control, lipid profiles, and adherence compared 

with standard care (16,18). 

Wearables, mobile apps, and continuous glucose 

monitoring enable real‑time acquisition of dietary, 

physiological, and behavioral data, supporting AI‑assisted 

dietary assessment and dynamic feedback (16,18). 

Image‑based and sensor‑based tools reduce recall bias 

and enhance precision of intake estimation, facilitating 

personalized diet management in obesity and diabetes 

(18). Yet, many AI systems lack external validation, use small 

or homogeneous samples, and provide limited 

transparency about algorithms, raising concerns about 

generalizability, bias, and interpretability that constrain 

clinical adoption (16,17). 

 

3.4 Clinical Applications and Translational Potential 

Precision nutrition strategies integrating genetics, 

metabolomics, and microbiome features have shown 

benefits for obesity, insulin resistance, type 2 diabetes, and 

related metabolic disturbances, including improved 

glycemic control, lipids, weight, and inflammatory markers 

in controlled and real‑world studies 2141615+2 MORE. 

Microbiome‑informed diets and SCFA‑enhancing fiber 

interventions can modulate  

glycemic responses and metabolic health, although 

human evidence is still limited in duration and scale (14). 

Functional foods and nutraceuticals rich in bioactive 

compounds (e.g., fibers, polyphenols, specific fatty acids) 

interact with genetic and microbiome profiles to improve 

insulin sensitivity and lipid metabolism, supporting 

personalized formulations for obesity and type 2 diabetes 

management (19,20). 

However, clinical evidence remains heterogeneous, 

often constrained by small sample sizes, short follow‑up, 

diverse omics and analytical platforms, and lack of 

harmonized outcomes, limiting firm conclusions about 

long‑term superiority over conventional guidelines (10). 

 

3.5 Implementation Challenges and Limitations 

The multifactorial nature of diet‑related diseases, 

involving polygenic risk, epigenetics, microbiome, and 

lifestyle, complicates causal inference and robust 

predictive modeling 1(13,21). Absence of standardized 

biomarkers and validated clinical endpoints for precision 

nutrition, together with variability in sample processing 

and omics pipelines, undermines reproducibility and 

comparability (22). 

 High costs of multi‑omics profiling, AI infrastructure, 

and specialized expertise pose economic and scalability 

barriers, particularly outside research settings (1). 

Integrating complex multi‑omics and digital data into 

routine clinical workflows requires interoperable systems, 

trained multidisciplinary teams, and clear practice 

guidelines (3,6). 
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3.6 Ethical, Regulatory, and Societal Considerations 

Extensive use of genomic, microbiome, and digital 

health data in personalized nutrition raises significant 

concerns about privacy, data security, ownership, and 

informed consent (23,24). Direct‑to‑consumer genetic and 

microbiome‑based nutrition services often operate ahead 

of regulatory frameworks, with variable scientific validity 

and risks of misinterpretation (25–27). 

Unequal access to omics testing, AI technologies, 

and specialized care may widen health disparities, as most 

current implementations are concentrated in 

high‑resource settings and specific populations (11,22). 

Addressing these issues calls for robust, harmonized 

regulation, transparency standards, and inclusive policy 

and public‑engagement strategies (3,22). 

No. Trend Area Description Citations 

1. Multi-omics integration Integration of genomics, transcriptomics, 

proteomics, metabolomics, and 

microbiome data to enable 

comprehensive phenotyping and 

improved risk stratification 

 

(11,30) 

2. Consumer genomics Rapid expansion of direct-to-consumer 

(DTC) nutrigenetic testing, enabling 

personalized health insights and self-

directed dietary management 

 

(31,32) 

3. Microbiome-aware nutrition Characterization of diet–microbiota–host 

interactions and development of machine 

learning models to predict glycemic and 

metabolic responses 

 

(30,31) 

4 Functional and bioactive foods Development of targeted functional 

ingredients and nutraceuticals tailored to 

genetic, metabolic, and phenotypic 

profiles 

 

(33–35) 

5 AI and digital nutrition Application of artificial intelligence, 

wearable technologies, and digital 

platforms for real-time monitoring and 

adaptive dietary decision suppor 

 

(33,35) 

 

Table 1. Key Scientific and Technological Trends in Personalized Nutrition 
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Domain. Key Findings Applications  Challenges/Limitations References  

Nutrigenomics 

& Nutrigenetics 

Gene–diet 

interactions 

influence 

metabolism and 

disease risk; strong 

inter-individual 

variability 

Genotype-based dietary 

recommendations; 

disease risk prediction 

Limited reproducibility 

across populations; 

incomplete 

mechanistic 

understanding 

(32,36) 

Microbiome-

based Nutrition 

Gut microbiota 

modulates nutrient 

metabolism and 

host responses 

Personalized 

microbiome-targeted 

diets 

 

High variability; 

confounding lifestyle 

factors 

(37,38) 

Multi-omics 

Integration 

Integration of 

genomics, 

proteomics, 

metabolomics 

enhances biological 

insight 

Systems-level risk 

prediction and 

stratification 

Complex data 

integration; lack of 

standardization 

(37,39,40) 

Artificial 

Intelligence & 

Data Science 

AI enables 

prediction of diet–

health interactions 

using large datasets 

Real-time dietary 

recommendations; 

decision support 

Limited external 

validation; model bias 

(41,42) 

Functional 

Foods & 

Nutraceuticals 

Bioactive 

compounds regulate 

gene expression and 

metabolic pathways 

Personalized 

nutraceuticals and 

functional foods 

Regulatory 

uncertainty; 

inconsistent evidence 

(43) 

Clinical 

Implementation 

Personalized 

nutrition shows 

potential in 

improving metabolic 

outcomes 

Prevention and 

management of chronic 

diseases 

High cost; limited 

scalability; weak long-

term evidence 

(13,40) 

Ethical, 

Regulatory & 

Societal 

Aspects 

Increased use of 

genomic data raises 

ethical concerns 

Direct-to-consumer 

nutrition services 

Privacy risks; 

inequitable access 

(3,13,33,42) 

 

Table 2. Summary of Key Findings, Applications, Challenges, and Research Gaps in Personalized 

Nutrition 
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3.7 Future Directions and Research Priorities 

 Priorities include large, multi‑ethnic, longitudinal 

cohorts integrating genomics, epigenomics, 

metabolomics, proteomics, microbiome, and detailed 

lifestyle data to improve generalizability and clarify 

mechanisms (28). Development of standardized, scalable 

multi‑omics integration frameworks and validated 

predictive models, coupled with cost‑effectiveness and 

implementation studies, is essential for translation into 

routine care (29). 

 Advances in explainable AI and transparent reporting of 

algorithms will be critical to improve trust, interpretability, 

and regulatory acceptance (1). Innovation in gene‑ and 

microbiome‑informed functional foods and nutraceuticals 

offers promising avenues for tailored dietary interventions, 

but requires genotype‑ and phenotype‑stratified clinical 

trials (3,22) 

Sustained interdisciplinary collaboration among nutrition 

scientists, geneticists, microbiologists, data scientists, 

clinicians, ethicists, and policymakers will be central to 

evolving personalized nutrition into an equitable, 

evidence‑based component of healthcare.  

 

4. Conclusion 

Personalized nutrition, driven by advances in 

nutrigenomics and biotechnology, represents a 

transformative shift from generalized dietary guidelines 

toward data-driven, individualized interventions. The 

integration of multi-omics approaches—including 

genomics, metabolomics, and microbiome profiling—

together with artificial intelligence and digital health 

technologies, has significantly enhanced the capacity to 

predict and modulate diet–health interactions. These 

developments offer substantial potential for improving 

prevention and management of chronic diseases. 

However, despite rapid technological progress, 

clinical translation remains limited by insufficient long-term 

validation, lack of standardized biomarkers, and challenges 

in data integration and model generalizability. In addition, 

ethical and regulatory concerns, particularly regarding 

data privacy, transparency, and equitable access, continue 

to constrain large-scale implementation. 

Future efforts should prioritize robust, multi-ethnic 

cohort studies, development of validated and explainable 

predictive models, and integration of personalized 

nutrition into clinical and public health frameworks. 

Addressing these challenges will be essential to realize the 

full potential of precision nutrition as a scalable and 

evidence-based approach to improving global health 

outcomes. 
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