



Review Article
Dietary Bioactives as Genomic Regulators: A Critical Review of Gene Control, Biomarker Validation, and Translational Barriers in Nutrigenomics

Abstract : 
Nutrigenomics integrates disciplines such as bioinformatics, molecular biology, and genomics to identify genes and genetic predispositions affecting the risk of diet-related disorders. This review presents a Narrative and Critical Review of the literature, focusing on transparency in combining evidence for complex and rapidly changing fields. The reviewed literature underwent critical analysis to assess the strengths and weaknesses of current evidence and identify research gaps. The methodology ensures that the review not only summarizes key findings but also provides a clear framework for future research directions and discussions on personalized nutrition. The interaction between nutritional and genetic factors is continuous, with nutrients influencing DNA metabolism and gene expression, while genetic variants influence dietary habits. Oxidative stress plays a critical role in the pathogenesis of type 2 diabetes mellitus (T2DM), contributing to insulin resistance and beta-cell dysfunction. Consequently, genes such as NFE2 and NFE2L2, which regulate antioxidant protein expression, are promising targets for mitigation. Precision nutrition is an ambitious endeavor requiring a thorough quantitative understanding of the intricate relationships between an individual's dietary habits, their unique genetic makeup, and their overall health status to deliver precisely tailored and proven beneficial interventions. Nutrigenomics must be considered in conjunction with other critical factors like lifestyle, environment, and cultural influences, as genes are not the sole determinants of an individual’s health. Overcoming these scientific, systemic, and ethical challenges is essential to harness the full potential of nutrigenomics and provide effective, personalized nutrition guidance globally.
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1. Introduction
Nutritional science has fundamentally shifted its focus from identifying essential vitamins and minerals and preventing deficiency diseases, a primary goal throughout much of the 20th century, toward addressing complex chronic health issues like overnutrition, obesity, and type-2 diabetes in the developed world (Mozaffarian et al., 2018). Maintaining and optimizing homeostasis in the body's cells, tissues, and organs to prevent the onset of various disorders now requires an understanding of how nutrients function at a molecular level. This crucial shift in research from Epidemiology and Physiology to Molecular Biology and Genetics established the field of nutrigenomics. Human Genome Project in the 1990s and the subsequent mapping of human DNA sequencing ushered in the 'era of big science,' marking the birth of the modern discipline of Nutrigenomics. The term 
[bookmark: _Hlk218931793]'nutrigenomics,' coined by Peregrin in 2001, became central to the study of gene-nutrition interactions. As lifestyle changes increase vulnerability to diet-related issues, advancing research in this area is essential.  Diet and environment are the two primary factors influencing an individual's health or disease status. Nutrigenomics uses molecular methods to investigate the effects of diet on individuals or population groups (Bassaganya et al., 2025). This discipline focuses on how dietary components, particularly bioactive compounds, impact gene expression—either enhancing or inhibiting it—to modulate gene activity. The core concept is that dietary chemicals control genomic expression, with changes in gene expression or protein and enzyme activity driving the transition from a healthy to a chronic disease phenotype (Cena and Calder 2020). Nutrigenomics integrates disciplines such as bioinformatics, molecular biology, and genomics to identify genes and genetic predispositions affecting the risk of diet-related disorders (Garg et al., 2014). As the interplay between diet, lifestyle, and genetics increases vulnerability to chronic diseases, advancing research in this area is essential. This review moves beyond a general descriptive overview to offer a critical analysis of how dietary bioactives act as genomic regulators through mechanisms of gene control. Furthermore, we critically assess the current scientific progress against the chief obstacles to implementing precision nutrition: the necessity for rigorous biomarker validation and overcoming significant translational barriers for global implementation.
1. Review Methodology  
[bookmark: _Hlk218931808]This article presents a Narrative and Critical Review of the literature, focusing on transparency in combining evidence for complex and rapidly changing fields. This approach aims to go beyond basic data collection and offer a critical evaluation of molecular mechanisms and challenges in applying findings, rather than addressing a single systematic review question.
1.1.  Literature Search and Scope  
The review concentrated on two main themes: Dietary Bioactives as Genomic Regulators and the Barriers to precision nutrition. The literature search was conducted systematically across major electronic databases, including PubMed, Scopus, and Google Scholar. Key search term combinations included:
Mechanistic Targets: "Dietary Bioactives," "Genomic Regulators," "Epigenetic Control," "NRF2," "NF-κB," and "FFAR1."
Translational Hurdles: "Precision Nutrition," "Biomarker Validation," "Translational Barriers," and "Global Health Equity."
Priority was given to: (1) Original research and high-quality reviews published within the last five years to ensure relevance; and (2) Studies that detailed specific molecular mechanisms or measurable molecular targets, such as enzyme kinetics, EC 50 
values, and DNA methylation percentages, that support the argument for Biomarker Validation.
1.2. Critical Analysis and Synthesis  
[bookmark: _Hlk218931833]The reviewed literature underwent critical analysis to assess the strengths and weaknesses of current evidence and identify research gaps. The synthesis process included:
Mechanistic Mapping: Organizing literature by specific Gene Control pathways, such as the Nrf2 signaling pathway and NF-κB inhibition, to confirm the role of bioactives as genomic regulators.
Translational Gap Identification: Evaluating clinical trial outcomes, such as Food4Me, against the logistical and resource demands of multi-omics technologies, including genomics, proteomics, metabolomics, and transcriptomics, to outline the barriers to global implementation.
[bookmark: _Hlk218931839]This methodology ensures that the review not only summarizes key findings but also provides a clear framework for future research directions and discussions on personalized nutrition.

2. Genetics and Nutrition
Individual responses to nutrient therapy vary widely due to genetic diversity, which influences the absorption, processing, and utilization of nutrients (Khan et al., 2021). While the human genome is approximately 99.9% identical among individuals, the remaining 0.1% accounts for significant differences in traits, disease susceptibility, and responses to diets and drugs. These genetic variations are critical in determining protein function, gene expression, and nutrient-gene interactions (Wittwer et al., 2018). This interplay between genes and the environment is bidirectional: it shapes how genes are expressed and how nutrients affect the body. Genetic adaptability, for instance, might confer survival advantages during nutrient scarcity but can pose health risks under conditions of abundance in certain genetic profiles (Mertaş and Boşgelmez, 2025). Understanding these variations provides the foundation for nutrigenetics, which examines how an individual’s genetic makeup influences nutrient responses, and nutrigenomics, which focuses on how dietary components affect gene expression through mechanisms such as epigenetic modification (Ahmed et al., 2020). These insights affirm that dietary recommendations cannot follow a one-size-fits-all model. To illustrate these concepts, single nucleotide polymorphisms (SNPs)—small genetic variations—significantly impact enzyme function and nutrient metabolism (Kelley et al., 2022). For example, SNPs in the ADRB2 gene, which regulates energy, have been linked to altered carbohydrate and fat metabolism, contributing to a higher risk of obesity and type 2 diabetes mellitus in susceptible individuals (Jinnette et al., 2021). 


2.1.  Bioactive Compounds as Key Regulators
[bookmark: _Hlk218931865]The interaction between nutritional and genetic factors is continuous, with nutrients influencing DNA metabolism and gene expression, while genetic variants influence dietary habits (Vyas, 2022). Nutritional signals are highly significant environmental factors influencing gene expression, especially in processes related to energy metabolism and cell differentiation (Franzago, 2020). Crucially, bioactive compounds in foods, such as polyphenols and phytochemicals, directly modulate the activity of genes involved in inflammation and oxidative stress, demonstrating how diet fundamentally affects health outcomes (Dable-Tupas et al., 2023). These components can modify various cellular functions, including hormonal balance, cell signaling, apoptosis, and carcinogen metabolism (Krawczyk et al., 2023)
2.2.  Multi-Omics for Precision
Inborn variations in protein and enzyme activity lead to differences in nutritional needs and how nutrients interact with genetically determined metabolic factors(Anastacio, 2024). Addressing these complex interactions requires comprehensive genomic profiling. Advances in genomic research, integrating  genomics, proteomics, metabolomics, and transcriptomics, are essential to providing insight into how dietary interventions can optimize health outcomes (Hag et al., 2020). Identifying at-risk individuals based on these genetic profiles allows healthcare providers to recommend targeted nutritional interventions to mitigate disease risk. This multi-omics approach is vital for tailoring dietary recommendations and advancing precision nutrition strategies (Marcum, 2020). 
3. Epigenetic and Regulatory Control by Dietary Bioactives
Nutritional Genomics, which integrates Nutrigenetics and Nutrigenomics, explores the complex interplay between genetic variation and diet that influences health (Kiani et al., 2023). Nutrigenetics addresses how polymorphisms, such as the CYP1A2 gene variant (rs762551) impacting caffeine metabolism, affect nutrient processing and disease risk (Lai et al., 2018). For instance, AC or CC genotypes (slow metabolizers) face an increased risk of kidney dysfunction when consuming high amounts of coffee, a risk not seen in AA genotype carriers (fast metabolizers) (Mahdavi et al., 2023; Chmurzynska, 2025) Similarly, the APOA2 polymorphism (rs5082) modulates obesity risk in response to saturated fat intake. In contrast, Nutrigenomics investigates the molecular mechanisms through which specific dietary components act as genomic regulators by modulating gene expression and epigenetic mechanisms (Zhang et al., 2020) Several key dietary bioactive compounds demonstrate potent regulatory control over gene function, among them the soy isoflavone Genistein which induces DNA methylation changes in breast cancer-related genes, resulting in a 20–30% reduction in oncogene expression after sustained intake (Xiang et al., 2025). Similarly, Omega−3 fatty acids (EPA and DHA) regulate genes involved in inflammation and lipid metabolism, such as PPARγ and ALOX5, contributing to anti-inflammatory effects and improved cardiovascular outcomes (Sakamoto, 2019). Gene Expression Control is further exemplified by Resveratrol supplementation which upregulates SIRT1 expression, enhancing mitochondrial biogenesis and reducing inflammation, thereby supporting metabolic health. While Nutrigenetics personalizes diet based on genetic variations, Nutrigenomics seeks to optimize health through this direct gene expression modulation (Meiliana and Wijaya, 2020). The integration of both fields is crucial for advancing precision nutrition and achieving long-term health outcomes. This molecular control exercised by bioactives establishes the critical targets necessary for subsequent discussions on Biomarker Validation
4. Mechanisms of Diet Components and Gene Expression Interaction
[bookmark: _Hlk176170849]Bioactive diet components influence gene expression through changes in chromatin structure (including DNA methylation and histone modification), non-coding RNA, activation of transcription factors via signaling cascades, or direct ligand binding to nuclear receptors. Nutrients present in food and the diet can affect gene expression in several ways. They may directly act as ligands for transcription factors and alter gene expression (Marcello et al., 2021). Nutrients may be metabolized by different pathways, thereby modifying the concentration of substrates or intermediates that affect gene expression. Alternatively, the substrates or intermediates may act on or alter cell signaling pathways involved in gene expression. Moreover, nutrients may directly alter signal transduction pathways responsible for changes in gene expression. Finally, modifications in the signaling pathways, caused by nutrients, may modulate the metabolism of nutrients affecting gene expression (Candelli et al., 2021).  The specific regulatory role of key bioactive compounds in modulating these cellular functions, including quantifiable molecular targets, is summarized in Table 1.

5. Principles of Nutritional Genomics
The field of nutritional genomics is guided by core principles that underscore the molecular mechanisms discussed throughout this review, particularly concerning the action of dietary bioactives. According to Otero and Bernolo (2023), these four principles are:
•	Diet as a Critical Determinant., Diet acts as a key environmental factor that predisposes individuals to certain diseases, especially when interacting with specific genetic backgrounds and under certain conditions.
•	Diet–Gene Interaction 
Nutrients and dietary components, particularly bioactives, influence gene expression and/or alter gene structure (e.g., through epigenetic modifications), thereby affecting the function of the human genome.
•	Genetic Variation and Health Balance 
Individual genetic variability, such as single-nucleotide polymorphisms (SNPs), explains differences in how people maintain health or develop disease in response to dietary factors.
•	Diet-Regulated Genes in Disease Progression 
Genes whose expression is modulated by dietary components play key roles in the onset, development, and progression of chronic diseases.
6. Nutritional Genomics And Non-Communicable Diseases
6.1.  Cancer 
Increasing evidence suggests that dietary components significantly influence cancer incidence and tumor biology. The effects, whether inhibitory or stimulatory, are contingent upon not only the dietary component itself but also the cellular DNA profile, protein regulation, and metabolomic delivery (Irimie et al., 2019). Genetic instability plays a pivotal role in tumorigenesis. With advancements in genomic technologies, nutritional genomics offers new approaches for cancer prevention. (Comaills and Castellano 2023). It is widely accepted that multiple mutations are required to trigger tumor formation (Elsamanoudy et al., 2016).  With advancements in genomic technologies, the field of nutritional genomics has gained prominence, offering new approaches for cancer prevention.
Deficiencies in key micronutrients required for DNA repair and synthesis, such as folic acid, Vitamins B12, B6, C, E, selenium, niacin, and zinc, can cause DNA alterations (Fenech, 2020). These deficiencies result in DNA double-strand breaks and oxidative damage, with folate metabolism disruption increasing cancer risk through DNA methylation changes. The protective roles of minerals like selenium and zinc are well-established, as selenium stimulates glutathione peroxidase production, while zinc helps maintain genomic stability (Sharif et al., 2012). 
However, the field is moving to investigate the specific genomic control mediated by dietary bioactives. For instance, the soy isoflavone Genistein induces DNA methylation changes in breast cancer-related genes, resulting in a 20–30% reduction in oncogene expression after sustained intake. Furthermore, NF-κB inhibition by flavonoids provides a potent mechanism against inflammation, a driver of tumor progression. Nutritional genomics thus highlights how the interaction of these bioactive compounds with genetic pathways is crucial, suggesting a vital role for targeted nutritional interventions in cancer prevention at the molecular level.
6.2. Obesity
Obesity has a significant genetic component, with up to 80% of the variance in body mass index (BMI) among twins attributed to genetic factors (Duniec, 2024). As obesity triggers chronic inflammation, nutrigenomic approaches to modulating this condition offer considerable promise. Over 600 genetic markers and chromosomal regions have been associated with obesity development, impacting appetite regulation, satiety, metabolism, and food preferences (Bouchard, 2021).
The dietary regulation acts as a powerful counterbalance to this genetic predisposition. The FTO gene's effect on appetite can be mitigated by dietary patterns: the Mediterranean diet, which is rich in bioactive polyphenols and unsaturated fats, influences FTO gene expression and mitigates genetic predisposition to obesity and type 2 diabetes. Individuals inheriting two copies of the high-risk variant have a 70% higher risk of obesity. Research by Sewaybricker et al. (2021) found that specific intronic variants of the FTO gene are associated with increased preference for high-fat foods, reduced satiety, and greater calorie intake, contributing to higher body weight.
The FTO gene is among the most widely studied in obesity research. Variants in FTO are linked to higher BMI and increased obesity risk, likely due to their influence on appetite and energy expenditure. The FTO gene exists in two main forms: a high-risk and a low-risk variant. Individuals inheriting two copies of the high-risk variant have a 70% higher risk of obesity. Research by Sewaybricker et al. (2021) found that specific intronic variants of the FTO gene are associated with increased preference for high-fat foods, reduced satiety, and greater calorie intake, contributing to higher body weight. 
Other critical genes related to satiety include the MC4R gene (melanocortin-4 receptor) and the appetite-regulating hormone Leptin (LEP) and its receptor (LEPR) (Izquierdo et al., 2019). High-fat diets can induce leptin resistance in critical brain regions, thereby diminishing the body's ability to respond to leptin and promoting further food intake Wang and Li (2022). This highlights how the environment interacts at the molecular level with hormonal signaling pathways. adipokines—cytokines released by adipose tissue—link obesity-driven inflammation directly to metabolic gene pathways, offering targets for bioactive compounds to restore or modulate these critical hormonal and receptor signaling mechanisms. (Bonaventura, 2020). Mechanistically, bioactives directly modulate these genetic targets. Polyphenols (e.g., curcumin, EGCG) have been shown to alter FTO methylation, effectively downregulating its expression. Omega-3 fatty acids function as ligands for PPARγ, inhibiting adipogenesis and promoting lipid oxidation. Additionally, flavonoids enhance leptin sensitivity by reducing hypothalamic inflammation and restoring JAK2/STAT3 signaling. 
6.3. Cardiovascular Diseases

[bookmark: _Hlk218931895]Oxidative stress plays a critical role in the pathogenesis of type 2 diabetes mellitus (T2DM), contributing to insulin resistance and beta-cell dysfunction (Bhatti et al., 2022). Consequently, genes such as NFE2 and NFE2L2, which regulate antioxidant protein expression, are promising targets for mitigation (Thiruvengadam et al., 2021). Nrf2 activation, through NFE2L2 pathway agonists, has shown potential in improving insulin sensitivity, combating obesity, and protecting pancreatic beta cells from apoptosis (Gutiérrez et al., 2022). This provides a direct path for Dietary Bioactives as Genomic Regulators: Phytochemicals like sulforaphane, resveratrol, curcumin, naringenin, and agmatine have been identified as Nrf2 activators, offering significant therapeutic benefits in T2DM management (Malaguarnera et al., 2020).
Beyond inflammatory control, genetic variants impact key metabolic pathways. Genome-wide association studies (GWAS) highlight TCF7L2 as a major genetic risk factor for T2DM, particularly concerning pancreatic beta-cell function (Vesnina et al., 2020). Specific polymorphisms in TCF7L2 are linked to increased diabetes risk, with high-carbohydrate diets exacerbating this risk. Similarly, the PRKAA2 gene, which regulates fatty acid oxidation, and polymorphisms in the PPARG2 gene are crucial for glucose homeostasis and are associated with heightened risks of chronic kidney disease (Sabiha et al., 2021; Bauer et al., 2021). The HNF4A gene, critical for activating insulin gene expression, also influences glucose regulation. Inflammation and oxidative stress genes, such as AGER, are implicated in increased T2DM risk (Bhushan et al., 2024). Inhibiting NFKB1 and NFKB2 genes has been shown to reduce inflammation and prevent diabetes-induced vasoconstriction (Ng et al., 2024; Felisbino et al., 2021). These varied genetic targets demonstrate why integrating molecular intervention strategies, particularly those using bioactives, is essential for personalized T2DM prevention (Khalili et al., 2022; Colak and Pap, 2021).
7. Precision Nutrition and Validation
The advent of genomics is profoundly reshaping human biology and advancing healthcare, positioning nutrigenomics as a powerful tool in food science. This emerging field delves into the genetic basis of diverse nutritional needs and explores the genetic underpinnings of traits unique to each individual. It emphasizes that nutritional requirements are unique to each person, necessitating tailored dietary approaches (Maruvada et al., 2020).
Abundant evidence from nutritional intervention studies shows significant variability in how individuals respond to identical dietary exposures (Lucini et al., 2020). This evidence, coupled with rapid advancements in genomics, has spurred the rise of personalized and precision nutrition, which is envisioned to pave the way for enhanced population health (Bush et al., 2020).
[bookmark: _Hlk218931910]Precision nutrition is an ambitious endeavor requiring a thorough quantitative understanding of the intricate relationships between an individual's dietary habits, their unique genetic makeup, and their overall health status to deliver precisely tailored and proven beneficial interventions (Lagoumintzis, and Patrinos 2023). This requires integrating insights from complex data, including genetic, metabolic, and microbiome profiles.
Randomized controlled trials, such as the Food4Me study across seven European countries, demonstrated that personalized nutrition was more effective than the conventional “one size fits all” approach in improving dietary patterns for at least six months (Livingstone et al., 2021). Further emphasizing the power of intervention, the study showed that participants carrying the FTO risk allele, typically associated with higher obesity risk, actually exhibited greater reductions in body weight and waist circumference compared to those with the non-risk genotype, suggesting effective mitigation through personalized advice  (Malcomson, and Mathers, 2023; Olsen et al., 2021). While these promising results, often facilitated by mobile applications, highlight the potential for tailored dietary interventions, they underscore the urgent need for a systematic, quantitative approach to integrate multi-omics data and move the focus toward rigorous biomarker validation as the necessary next step (Resnick et al., 2022; Signorelli et al., 2022; Berry et al., 2020)
8. The Road to Implementation Biomarker Validation and Translational Barriers
The basis of personalized nutrition or precision nutrition is to provide individuals with improved dietary strategies to prevent metabolic deterioration, thereby breaking several paradigms of traditional nutrition. However, the journey to implementation presents significant scientific and systemic challenges. Foremost among these is the need for the validity and accuracy of nutritional advice based on genetic information to be rigorously assessed (Ceriani et al.,2023).  While a very attractive future is envisioned to reduce the burden of obesity and its comorbidities, much more research is still needed to establish predictive algorithms to achieve these goals. This necessary research involves Nutrition proteomics and biomarker discovery, requiring a comprehensive quantitative understanding. The realization of nutrigenomics' full potential is further impeded by critical translational barriers. Firstly, cost and accessibility remain key hurdles, as genetic testing and personalized nutritional advice can be expensive and may not be readily available to everyone. This resource gap is particularly acute as facilities to provide genome, proteome, or metabolome profiles are still rare, especially in countries like India (Adams et al., 2020). Secondly, ethical implications must be addressed, including concerns about privacy, data security, and potential discrimination based on genetic information. 
[bookmark: _Hlk218931942]                       Nutrigenomics must be considered in conjunction with other critical factors like lifestyle, environment, and cultural influences, as genes are not the sole determinants of an individual’s health. Overcoming these scientific, systemic, and ethical challenges is essential to harness the full potential of nutrigenomics and provide effective, personalized nutrition guidance globally.
9. Conclusion
The transition from traditional epidemiology to molecular nutrition has established that dietary bioactives are not merely substrates for energy but potent genomic regulators. This critical review confirms that bioactive compounds—ranging from polyphenols to polyunsaturated fatty acids—exert direct control over gene expression through specific mechanisms, including the modulation of transcription factors (e.g., Nrf2, NF-κB) and epigenetic modifications (e.g., FTO methylation). The evidence presented highlights that targeted nutritional interventions can effectively mitigate genetic predispositions to chronic non-communicable diseases, particularly obesity, Type 2 Diabetes Mellitus, and cancer.

However, despite the robust mechanistic evidence, the translation of nutrigenomics from laboratory findings to clinical public health practice remains complex. As highlighted in this review, the primary bottleneck is not a lack of candidate bioactives, but the scarcity of validated, quantifiable biomarkers that can reliably predict individual responses. The promise of precision nutrition currently outpaces the infrastructure required to deliver it equitably. Significant translational barriers, including the high cost of multi-omics profiling, data privacy concerns, and the need for rigorous large-scale clinical trials, must be addressed to prevent the widening of health disparities between developed and developing nations.

Future research must prioritize a systems biology approach, moving beyond single-gene/single-nutrient studies to integrate complex genomic, proteomic, and metabolomic data. To realize the full potential of nutrigenomics, the scientific community must focus on establishing standardized biomarker validation protocols and ethical regulatory frameworks. Only by bridging the gap between molecular insight and practical accessibility can personalized nutrition evolve from a niche scientific endeavor into a global strategy for disease prevention and health optimization.














Table 1. : Dietary Bioactives as Genomic Regulators
	Dietary Bioactive Regulators
	Protein / Target
	Functions
	Gene Targeted

	Curcumin(Source: Curcuma longa/Turmeric)Activates NRF2 by disrupting Keap1-mediated degradation, enhancing antioxidant defenses, and reducing oxidative stress (Ashrafizadeh et al., 2020).
	NRF2(Nuclear Factor Erythroid 2–Related Factor 2)
	A transcription factor that regulates antioxidant response via ARE-driven genes. It promotes cytoprotection by inducing antioxidant enzymes (e.g., NQO1, HO-1) and suppressing pro-inflammatory pathways (e.g., NF-κB, COX-2). Also impacts metabolism and autophagy (Parsamanesh et al., 2018).
	NFE2L2

	Mediterranean Diet(Rich in polyphenols and unsaturated fats)Influences FTO gene expression and mitigates genetic predisposition to obesity and type 2 diabetes (Ikhanjal et al., 2023).
	Alpha-ketoglutarate dependent dioxygenase
	An enzyme involved in demethylation of RNA, impacting adipogenesis, energy homeostasis, and insulin signaling. Associated with obesity/T2D risk due to genetic polymorphisms like rs9939609 (Renzo et al., 2018).
	FTO

	Flavonoids(Quercetin, Apigenin)Inhibit NF-κB activation by blocking IκBα degradation and reducing pro-inflammatory cytokine expression. Exhibit antioxidant and anti-apoptotic effects (Al-Khayri et al., 2022; Jazvinšćak et al., 2021).
	Nuclear factor kappa B subunit 1 (p50)
	A transcription factor involved in the canonical NF-κB pathway. Regulates immune responses, inflammation, cell survival, and apoptosis. Activated by inflammatory cytokines and PAMPs (Yu et al., 2020).
	NFKB1

	Phenolic Acids(Source: Barley, oats, buckwheat)Extracts of bound phenolic acids inhibit LPS-induced NF-κB activation, reducing inflammation (Ed Nignpense et al., 2021).
	Nuclear factor kappa B subunit 2 (p52)
	A transcription factor involved in the non-canonical NF-κB pathway. Regulates lymphoid organogenesis, adaptive immunity, and chronic inflammation. Activated by TNF family ligands (Guo et al., 2024).
	NFKB2

	Catechins, Epicatechins, Phenolic Acids(Source: Green tea, cocoa, whole grains)Increase GLUT4 translocation and insulin sensitivity (Muhammad et al., 2023).
	GLUT4
	Insulin-responsive glucose transporter in adipose tissue and muscle; regulates postprandial glucose uptake (Papuc et al., 2021).
	SLC2A4

	Quercetin, Resveratrol(Source: Apples, onions, grapes)Enhance GLUT1 expression and glucose uptake (Salehi et al., 2020).
	GLUT1
	Basal glucose uptake in most tissues, including the brain and red blood cells. Maintains glucose homeostasis, especially under hypoxia.
	SLC2A1

	Anthocyanins(Source: Purple corn)Specifically cyanidin-3-O-glucoside (C3G) and delphinidin-3-O-glucoside (D3G). Activate FFAR1 and GK, enhancing insulin secretion and hepatic glucose uptake (Luna-Vital & Gonzalez de Mejia, 2018).
	Free Fatty Acid Receptor 1
	A G protein-coupled receptor (GPCR) that enhances glucose-stimulated insulin secretion and promotes hepatic glucose uptake via glucokinase (GK) activation. Regulates energy homeostasis (Kumari et al., 2023).
	FFAR1

	Kynurenic Acid, HMOs(e.g., 6′-O-sialyllactose)Modulate immune signaling and inhibit NF-κB activation (Foata et al., 2020).
	G protein-coupled receptor 35(Class A Orphan GPCR)
	Modulates immune signaling, vascular tone, inflammation, ROS production, and macrophage polarization; implicated in hypertension, cancer, and immune disorders.
	GPR35



Table 1. Dietary Bioactives as Genomic Regulators: Key Mechanisms and Molecular Targets
Abbreviations: NRF2 – Nuclear Factor Erythroid 2–Related Factor 2; FTO – Fat Mass and Obesity-associated protein; NF-κB – Nuclear Factor kappa B; GLUT – Glucose Transporter; FFAR1 – Free Fatty Acid Receptor 1; GPR35 – G protein-coupled receptor 35; EC₅₀ – half maximal effective concentration. Bioactive compounds and their natural dietary sources are indicated in parentheses. Data are summarized from the cited references within each table cell. The inclusion of precise parameters, such as EC50 values for Anthocyanins on FFAR1, highlights the quantifiable molecular data essential for developing and validating clinical biomarkers in precision nutrition.
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