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ABSTRACT

Non traditional nutrients, including rare vitamins, trace minerals, and lesser studied phytochemicals, are increasingly
recognized as important contributors to human biochemistry and health maintenance. Although they are often
present in small amounts and have not received the same attention as classical nutrients, growing evidence shows
that they participate in a wide range of physiological processes with implications for disease prevention and metabolic
regulation. This review examines the classification, dietary sources, biochemical roles, and molecular mechanisms of
these compounds, with emphasis on their relevance to energy metabolism, antioxidant defense, inflammation control,
epigenetic regulation, and cellular signaling. Rare vitamins such as vitamin K2 illustrate the expanding biological
significance of nutrients previously considered only in narrow physiological contexts, particularly through their roles
in protein carboxylation, bone metabolism, and vascular protection. Trace minerals including selenium, molybdenum,
vanadium, boron, and lithium contribute to essential enzymatic reactions, redox balance, hormone related regulation,
and neurobiological function. In parallel, phytochemicals such as sulforaphane, betaines, polyamines, flavonoids, and
microbial metabolites including urolithins demonstrate how plant derived and gut microbiota mediated compounds
can influence detoxification pathways, mitochondrial function, inflammatory signaling, and gene expression. The
review further shows that these nutrients act through coordinated biochemical mechanisms involving enzyme
cofactors, transcription factors, nuclear receptors, methylation reactions, and signaling pathways such as Nrf2, NF
kappa B, and GSK 3. Their effects extend across key physiological domains, including oxidative stress modulation,
immune regulation, mitochondrial efficiency, and maintenance of cellular homeostasis. Collectively, the evidence
suggests that non traditional nutrients play meaningful roles that are not fully captured within conventional dietary
frameworks. Despite these promising findings, important gaps remain in understanding their bioavailability, dose
response relationships, long term safety, and clinical relevance. Further interdisciplinary research is needed to clarify
their mechanisms of action and to establish evidence based strategies for their inclusion in nutrition science and
public health practice. A deeper understanding of these bioactive compounds may support more refined nutritional
interventions for the prevention and management of chronic disease.
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INTRODUCTION

Nutritional biochemistry traditionally focuses on classical nutrients such as macronutrients, vitamins, and
minerals, which have well-established biochemical roles essential for human health and metabolism'.
These nutrients support crucial biological processes, including energy production, enzymatic catalysis, and
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Fig. 1: Overview of classical nutrients and non-traditional nutrients'?
ATP: Adenosine triphosphate, ROS: Reactive oxygen species, Nrf2: Nuclear factor erythroid 2-related factor 2, AhR: Aryl
hydrocarbon receptor and GSK-3p: Glycogen synthase kinase-3 beta

cellular structure maintenance'. However, recent advances in nutritional sciences have expanded
attention towards non-traditional nutrients a group that includes rare vitamins, trace minerals, and diverse
phytochemicals that may play pivotal roles in modulating human physiology and preventing chronic
diseases®.

Non-traditional nutrients differ from classical nutrients by their lower dietary abundance, emerging
evidence of essentiality, or novel biochemical functions that require further elucidation®®. For example,
vitamin K2 (menaquinones) has been shown to influence bone mineralization and cardiovascular health
beyond the functions of classical vitamin K;. Trace minerals such as selenium and molybdenum are
established cofactors in antioxidant and detoxification enzymes, while other trace elements like boron and
vanadium show promising but less understood metabolic roles’.

Despite accumulating evidence, the biochemical mechanisms and physiological relevance of many non-
traditional nutrients remain under-investigated (Fig. 1). This review aims to synthesize the current
knowledge on these nutrients’ biochemical roles, dietary sources, metabolism, and health impacts, thereby
setting a foundation for future research in this evolving field.

CLASSIFICATION AND SOURCES OF NON-TRADITIONAL NUTRIENTS

This section categorizes and explores non-traditional nutrients, including rare vitamins, trace minerals,
under-researched phytochemicals, and emerging bioactives. It highlights their diverse biochemical roles,
unique dietary sources, and potential health benefits, emphasizing their growing significance in nutritional
science beyond classical essential nutrients.

Rare vitamins: Rare vitamins constitute a group of vitamins or vitamin analogs that occur in more limited
dietary quantities or have been recently identified with physiological significance. Unlike classical vitamins,
many are less commonly included in dietary recommendations due to limited data on their essentiality
or bioavailability.

Vitamin K2 (menaquinones) is a prime example, existing as several homologues (MK-4 to MK-13)
produced by intestinal bacteria and found in fermented foods such as natto, cheese, and certain meats.
Unlike vitamin K;, which primarily supports blood coagulation, vitamin K2 plays a crucial role in bone
mineralization by activating osteocalcin, a vitamin K-dependent protein essential for calcium binding in
bones’. Furthermore, vitamin K2 has been linked to cardiovascular health through its inhibition of vascular
calcification, a growing area of clinical interest’.

Other rare vitamins, such as vitamin B15 (pangamic acid), have been proposed to support cellular
metabolism and detoxification, although evidence remains preliminary and controversial®. Pangamic acid
is naturally found in seeds and whole grains, but lacks a clear consensus on its vitamin status or
physiological requirements.
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Fig. 2: Chemical structures of menaquinone-7, pangamic acid, and amygdalin*®
MK-7: Menaquinone-7, B15: vitamin B15 and B17: vitamin B17

The structural diversity among rare vitamins contributes significantly to their distinct biological functions
and pharmacokinetics. Figure 2 illustrates the chemical structures of menaquinone-7, pangamic acid, and
amygdalin three compounds exemplifying the functional heterogeneity of non-classical vitamins.
Menaquinone-7, with its extended isoprenoid side chain, is pivotal for activating proteins like osteocalcin
involved in bone mineralization and for preventing vascular calcification®®. In contrast, pangamic acid
(vitamin B15) is hypothesized to support oxygen utilization and hepatic detoxification pathways, although
mechanistic clarity and clinical consensus are still lacking®®. Amygdalin’s structure contains a cyanogenic
glycoside moiety, which under metabolic conditions releases cyanide, a key reason for the ongoing safety
and efficacy debates regarding its use in oncology®. These structural nuances help contextualize why rare
vitamins vary so widely in health impact and regulatory acceptance.

Trace minerals: Trace minerals are required in minute amounts but are indispensable due to their roles
as cofactors in enzymatic processes, structural components of proteins, and regulators of metabolic
pathways. Their deficiency or excess can significantly impact health.

Selenium is a well-documented trace element incorporated into selenoproteins such as glutathione
peroxidase and thioredoxin reductase, critical for antioxidant defense and redox homeostasis’. Selenium
is abundant in Brazil nuts, seafood, and cereals, but bioavailability varies with soil content.

Molybdenum acts as a cofactor for enzymes including sulfite oxidase and xanthine oxidase, essential for
sulfur and purine metabolism’. Legumes, grains, and nuts are principal dietary sources.

Vanadium has attracted attention for its insulin-mimetic properties, influencing glucose metabolism,
although its essentiality in humans is not firmly established”®. Food sources include mushrooms, shellfish,
and black pepper.

Boron modulates bone metabolism and inflammatory responses, potentially through effects on steroid
hormone metabolism and cellular signaling®. It is found in fruits, nuts, and leafy vegetables.

Lithium, though primarily recognized for psychiatric treatment, is found in trace amounts in drinking water
and certain foods and may exert neuroprotective and cellular regulatory functions®. Research on dietary
lithium's physiological role is emerging.

Trace minerals, though required in minute quantities, execute critical functions in cellular biochemistry and
systemic physiology. Figure 3 visually synthesizes the key biochemical roles and major dietary sources of
selenium, molybdenum, vanadium, boron, and lithium. Selenium, primarily obtained from Brazil nuts and
seafood, is vital for redox regulation through its incorporation into selenoproteins such as glutathione
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Fig. 3: Dietary sources and biochemical roles of selenium, molybdenum, vanadium, boron, and lithium’?

Mo: Molybdenum, V: Vanadium, B: Boron, Se: Selenium and Li: Lithium

peroxidase®’. Molybdenum, sourced from legumes and whole grains, functions in detoxification pathways
and purine degradation by serving as a cofactor for enzymes like xanthine oxidase. Vanadium, though not
conclusively essential, has demonstrated insulin-like effects and is under investigation for metabolic
applications®®. Boron supports steroid hormone metabolism and bone health, with fruits and leafy
vegetables serving as common sources’. Lithium, traditionally recognized for its psychiatric utility, is
gaining attention for its dietary presence and potential neuroprotective mechanisms®. The visualization
in Figure 3 consolidates these elements’ overlapping dietary and functional profiles, reinforcing their
integrated relevance in trace mineral biochemistry.

Lesser-studied phytochemicals: Phytochemicals are non-essential plant-derived compounds with
bioactive properties that influence human health via various biochemical pathways. Their roles often
extend beyond classical nutrition, modulating detoxification, oxidative stress, and gene expression.

Sulforaphane, a sulfur-containing isothiocyanate from cruciferous vegetables (e.g., broccoli), induces phase
[l detoxification enzymes by activating the Nrf2-Keap1 pathway, enhancing cellular antioxidant defenses
and possibly reducing cancer risk™. Its bioavailability and metabolism have been extensively studied,
making it a model compound for phytochemical research.

Figure 4 visually reinforces the central mechanism by which sulforaphane enhances cellular defenses via
the Nrf2-Keap1-ARE pathway. This activation results in the transcriptional upregulation of antioxidant and
detoxification enzymes that protect cells from oxidative and electrophilic damage. As described in Section
2.3, sulforaphane exemplifies how lesser-studied phytochemicals exert profound physiological effects
through specific gene-regulatory pathways, thereby offering potential protective benefits against chronic
diseases such as cancer’®"".

Betaines, including trimethylglycine, act as methyl donors in the methionine-homocysteine cycle, thereby
supporting methylation reactions critical for DNA and protein function. They are abundant in beets,
spinach, and whole grains.

Polyamines (putrescine, spermidine, spermine) are involved in cell growth, differentiation, and gene
regulation. Dietary sources include aged cheese, soy products, and mushrooms'". Their concentrations
decline with age, linking them to aging research.
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Fig. 4: Nrf2 signaling pathway activation by sulforaphane and downstream antioxidant enzyme

induction'*"?

Nrf2: Nuclear factor erythroid 2-related factor 2, Keap1, Kelch-like ECH-associated protein 1, ARE: Antioxidant response
element, HO-1: Heme oxygenase-1, GST: Glutathione S-transferase and NQO1: NAD(P)H: quinone oxidoreductase 1
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Fig. 5: Metabolic conversion of ellagitannins to urolithins by gut microbiota™ "

Rare flavonoids and other phenolic compounds exhibit antioxidant, anti-inflammatory, and
cardioprotective effects; however, many have limited human bioavailability and require further
investigation'.

Emerging nutrient candidates and novel bioactives: The discovery of novel bioactive compounds
continues with advances in food chemistry and microbiome research, revealing new candidates with
potential nutritional significance.

Novel carotenoids beyond beta-carotene, such as astaxanthin and fucoxanthin, show potent antioxidant
properties and cellular benefits®. Synthetic dietary fibers and resistant starches, emerging as functional
food components, modulate gut microbiota and metabolic health™™,
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Fig. 6: Vitamin K-dependent gamma-carboxylation pathway and its biological targets'®"

Gla: Gamma-carboxyglutamate, MGP: Matrix Gla protein, I, clotting factor Il VII, clotting factor VI, IX: clotting factor IX and
X: clotting factor X

Microbial metabolites like urolithins, derived from ellagitannins in berries and nuts, have demonstrated
anti-inflammatory and mitochondrial health benefits, highlighting the importance of gut microbiota in
nutrient bioactivation™.

These emerging candidates require robust clinical validation but represent promising frontiers in
nutritional biochemistry.

Figure 5 depicts how ellagitannins are metabolized into bioactive urolithins through the action of specific
gut microbiota. Dietary compounds may require microbial processing to achieve bioactivity, emphasizing
the gut microbiome’s integral role in nutrient activation. Urolithins have demonstrated effects on
mitochondrial health, inflammation, and aging processes, aligning them with emerging nutrient
candidates of significant clinical interest™.

BIOCHEMICAL ROLES AND MECHANISMS OF ACTION

Rare vitamins: Rare vitamins often serve as specialized cofactors or coenzymes in critical biochemical
reactions. For example, menaquinones (vitamin K2) function as essential cofactors in the gamma-
carboxylation of glutamate residues in proteins involved in blood coagulation and bone metabolism’®. This
post-translational modification enables proteins like osteocalcin and matrix Gla protein to bind calcium
effectively, regulating bone mineralization and inhibiting vascular calcification™. Figure 6 illustrates the
biochemical mechanism of the vitamin K-dependent gamma-carboxylation pathway, emphasizing the role
of menaquinone (vitamin K2) in modifying glutamate residues in target proteins. This reaction is essential
for activating osteocalcin and matrix Gla protein, which mediate calcium binding for bone formation and
vascular protection. The pathway also supports the activation of clotting factors, linking vitamin K2 to both

skeletal and cardiovascular health™".

The biochemical activities of vitamin B15 (pangamic acid) remain controversial; however, some studies
suggest its involvement in cellular respiration and detoxification pathways, potentially enhancing oxygen
utilization and energy metabolism'’.
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Fig. 7: Biochemical roles of trace minerals in enzymatic and cellular processes' '

GPx: Glutathione peroxidase, TR: Thioredoxin reductase, PTP: Protein tyrosine phosphatase and GSK-3f: Glycogen synthase
kinase-3 beta

Amygdalin (vitamin B17) interacts with beta-glucosidase enzymes, releasing cyanide, which has been
proposed to target cancer cells selectively, though this remains scientifically unproven and clinically
unsafe®.

Trace minerals: Trace minerals serve as indispensable cofactors, structural components, and regulators
of diverse enzymatic systems. Selenium is incorporated into selenoproteins like glutathione peroxidase
and thioredoxin reductase, crucial for protecting cells from oxidative damage and maintaining redox
balance™. Selenium'’s role extends to thyroid hormone metabolism and immune modulation.

Molybdenum-dependent enzymes such as xanthine oxidase and aldehyde oxidase catalyze oxidation
reactions vital for purine degradation and drug metabolism™. Deficiencies can lead to neurological and
metabolic disorders.

Vanadium compounds influence phosphorylation cascades and mimic insulin activity by modulating
protein tyrosine phosphatases, enhancing glucose uptake and metabolism'#%°.

Boron modulates enzymatic activities involved in steroid hormone metabolism and inflammatory signaling
pathways, influencing bone and immune health®.

Lithium exerts biochemical effects through inhibition of Glycogen Synthase Kinase-3 (GSK-3), affecting
cellular signaling, neuroplasticity, and mitochondrial function®?'.

Figure 7 illustrates the essential roles of trace minerals in human metabolism, emphasizing their function
as cofactors and regulators of enzymatic reactions. It highlights selenium’s role in antioxidant defense
through selenoproteins, molybdenum'’s involvement in purine degradation and xenobiotic metabolism,
and vanadium'’s insulin-mimetic effects on glucose regulation. The diagram also includes boron’s effect
on hormone and immune modulation and lithium's influence on neural signaling pathways through
GSK-3B inhibition?'.

Phytochemicals: Phytochemicals influence human biochemistry through modulation of detoxification
enzymes, signaling pathways, and epigenetic mechanisms. Sulforaphane activates the Nrf2 pathway,
promoting transcription of antioxidant and phase Il detoxification enzymes such as NAD(P)H:quinone
oxidoreductase 1 (NQO1) and glutathione S-transferases®. This activation enhances cellular defense
against oxidative stress and carcinogens.
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Fig. 8: Molecular mechanisms of phytochemicals in biochemical and epigenetic regulation®**

Nrf2: Nuclear factor erythroid 2-related factor 2, Keap1, Kelch-like ECH-associated protein 1, ARE: Antioxidant response
element and NF-«kB: Nuclear factor kappa-light-chain-enhancer of activated B cells

Betaines serve as methyl donors in the one-carbon metabolism cycle, supporting DNA methylation and
gene expression regulation, thereby influencing epigenetic patterns and cellular function.

Polyamines participate in stabilizing DNA structures, modulating ion channels, and regulating apoptosis
and autophagy, with implications for aging and cancer biology®.

Rare flavonoids exhibit antioxidant and anti-inflammatory effects by scavenging reactive oxygen species
and modulating NF-«B signaling pathways, although their bioavailability remains a research focus®*?.
Figure 8 illustrates how diverse phytochemicals modulate cellular signaling, detoxification, and epigenetic
pathways. Sulforaphane’s role in activating the Nrf2 antioxidant response element (ARE) cascade is central
to cytoprotective defense. Betaines participate in methylation reactions that regulate gene expression and

23,24

chromatin structure®. Polyamines influence DNA stability and cellular turnover®*, while flavonoids

contribute anti-inflammatory and antioxidant effects by modulating transcription factors such as NF-xB#.

Molecular interactions and cellular targets: Non-traditional nutrients interact with diverse biomolecules
including enzymes, receptors, and DNA. Vitamin K2 directly interacts with gamma-glutamy! carboxylase
to catalyze carboxylation reactions essential for calcium-binding proteins®. Selenium-containing enzymes
regulate redox-sensitive signaling cascades affecting cellular proliferation and apoptosis®.

Phytochemicals can bind to nuclear receptors such as the aryl hydrocarbon receptor (AhR) or peroxisome
proliferator-activated receptors (PPARs), modulating gene transcription involved in metabolism and

inflammation®>?,

Trace minerals such as boron influence transcription factors and enzymatic activities by modulating
phosphorylation states and cofactor binding®?.

Lithium's inhibition of GSK-3p affects Wnt/B-catenin signaling and other pathways essential for neuronal
survival and plasticity, illustrating its broad biochemical impact. Figure 9 illustrates the diverse molecular
interactions of non-traditional nutrients with intracellular targets. Vitamin K2 facilitates y-carboxylation
through activation of gamma-glutamyl carboxylase, essential for calcium-binding proteins®. Selenium-
dependent enzymes regulate redox-sensitive cascades. Phytochemicals modulate gene expression via AhR
and PPARs*?, while boron and lithium influence signal transduction and cellular outcomes through
phosphorylation and kinase inhibition, respectively®’.

https://doi.org/10.3923/ijbc.2026.23.36 | Page 30



Int. J. Biol. Chem., 20 (1): 23-36, 2026

C_ Fatty acid : > (IE Enzyme

mTOR

Iﬁ" ' ‘1 EF Zinc transporter
(:ﬂ Polyphenol _)

Vitamin D receptor

ta 1

=3
Cyclooxygenase

PPAR«
el

Fig. 9: Molecular targets of non-traditional nutrients: enzyme interactions and signaling pathways®*’

AhR: Aryl hydrocarbon receptor, PPARs: Peroxisome proliferator-activated receptors and GSK-3f: Glycogen synthase kinase-3
beta

METABOLIC PATHWAYS INFLUENCED BY NON-TRADITIONAL NUTRIENTS

Non-traditional nutrients modulate metabolic pathways including energy production, antioxidant defense,
inflammation, and gene regulation. Through diverse molecular mechanisms ranging from mitochondrial
enhancement by vitamin K2 and sulforaphane to redox regulation by selenium and epigenetic modulation
by phytochemicals these nutrients exert profound biochemical and physiological effects.

Energy metabolism: Non-traditional nutrients influence energy metabolism at various biochemical levels.
Vitamin K2, beyond its classical roles, participates in mitochondrial electron transport by acting as
an electron carrier within the respiratory chain, enhancing ATP synthesis efficiency®®. This function is
particularly significant in cardiac and skeletal muscle tissues.

Figure 10 provides a visual representation of how vitamin K2 functions within the mitochondrial electron
transport chain, highlighting its emerging role in energy metabolism. By facilitating electron transfer
between complexes and supporting oxidative phosphorylation, vitamin K2 enhances ATP synthesis
efficiency, particularly in tissues with high metabolic demand such as cardiac and skeletal muscle®®?. This
novel role expands the understanding of vitamin K2 beyond coagulation, positioning it as a crucial
cofactor in bioenergetics. The figure also integrates the contributions of vanadium, selenium,
sulforaphane, and betaine in mitochondrial function, reinforcing the diverse biochemical mechanisms by

which non-traditional nutrients sustain cellular energy production®*%.

Trace minerals such as vanadium modulate insulin signaling pathways enhancing glucose uptake
and utilization, affecting glycolysis and oxidative phosphorylation®. Selenium-containing enzymes
maintain mitochondrial redox balance, protecting energy-generating pathways from oxidative
damage®.

Phytochemicals like sulforaphane improve mitochondrial biogenesis and function via Nrf2-
mediated upregulation of antioxidant defenses and mitochondrial genes®**°. Betaines contribute methyl
groups necessary for mitochondrial DNA and protein methylation, indirectly influencing energy
metabolism®.
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Fig. 10: Vitamin K2-enhanced mitochondrial electron transport®®*°
ETC: Electron transport chain, ATP: Adenosine triphosphate and Nrf2: Nuclear factor erythroid 2-related factor 2
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Fig. 11: Nrf2-mediated antioxidant defense pathway activated by phytochemicals®'**
Nrf2: Nuclear factor erythroid 2-related factor 2, Keap1: Kelch-like ECH-associated protein 1, ARE: Antioxidant response
element, ROS: Reactive oxygen species, GPx: Glutathione peroxidase and TR: Thioredoxin reductase

Antioxidant defense and redox homeostasis: Non-traditional nutrients play crucial roles in cellular
antioxidant defenses. Selenium is central to the function of glutathione peroxidase and thioredoxin
reductase, enzymes that neutralize reactive oxygen species (ROS) and maintain redox homeostasis®'.

Vitamin K2 acts as a redox-active quinone, cycling between reduced and oxidized forms to scavenge free
radicals and prevent lipid peroxidation®'. Phytochemicals, including flavonoids and sulforaphane, induce
phase Il detoxification enzymes via Nrf2 activation, bolstering endogenous antioxidant capacity®**.

Figure 11 visually represents the Nrf2-mediated antioxidant defense mechanism, emphasizing how
phytochemicals such as sulforaphane and flavonoids activate this key cellular pathway. Upon activation,
Nrf2 translocates to the nucleus and upregulates genes encoding enzymes responsible for detoxification
and oxidative stress management®. Selenium complements this pathway through its essential roles in
redox-active enzymes like glutathione peroxidase and thioredoxin reductase®?. Additionally, vitamin K2's
quinone structure facilitates redox cycling to scavenge ROS***, while boron indirectly reinforces redox
balance by mitigating inflammation-associated oxidative stress®.
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Fig. 12: Inhibition of NF-kB and pro-inflammatory pathways by non-traditional nutrients
NF-xB: Nuclear factor kappa-light-chain-enhancer of activated B cells, IkB: Inhibitor of kB, TNF-a: Tumor necrosis factor
alpha, IL-6: Interleukin 6, COX-2: Cyclooxygenase-2 and iNOS: Inducible nitric oxide synthase
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Fig. 13: Molecular pathways modulated by lithium and selenium in gene regulation®*

GSK-3B: Glycogen synthase kinase-3 beta, Wnt: Wingless-related integration site, AP-1: activator protein 1 and NF-kB,
nuclear factor kappa-light-chain-enhancer of activated B cells

Boron'srole in modulating inflammatory pathways indirectly supports redox balance by reducing oxidative
stress associated with inflammation®.

Inflammatory pathways: Several non-traditional nutrients modulate inflammatory signaling. Selenium
modulates cytokine production and immune cell function, attenuating chronic inflammation®. Vanadium
compounds inhibit NF-xB activation, decreasing pro-inflammatory gene expression®.

Figure 12 illustrates how key non-traditional nutrients modulate the NF-xB pathway and related
pro-inflammatory mechanisms. Vanadium interferes with NF-xB activation by stabilizing IkB, thereby
blocking transcription of genes like TNF-a and IL-6**. Flavonoids suppress inflammatory enzymes
including COX-2 and iNOS****, while selenium plays a dual role in dampening cytokine signaling and
supporting immune resolution®. Boron regulates prostaglandins and cytokines to reduce inflammation,
and vitamin K2 further contributes by inhibiting vascular inflammatory cytokines, linking molecular effects
to clinical anti-inflammatory outcomes®*.

https://doi.org/10.3923/ijbc.2026.23.36 | Page 33



Int. J. Biol. Chem., 20 (1): 23-36, 2026

Boron influences inflammatory mediators such as prostaglandins and cytokines, contributing to reduced
inflammation and improved bone and joint health®. Phytochemicals like rare flavonoids suppress
inflammatory signaling pathways, including COX-2 and iNOS expression®.

Vitamin K2 has been observed to inhibit inflammatory cytokines in vascular tissues, linking its
cardiovascular benefits to anti-inflammatory actions®®.

Cellular signaling and gene regulation: Non-traditional nutrients impact key signaling pathways and
gene expression. Lithium inhibits GSK-3pB, modulating Wnt/B-catenin signaling involved in neurogenesis
and cell proliferation. Selenium modulates redox-sensitive transcription factors such as NF-xB and AP-1,
influencing gene expression related to oxidative stress and inflammation®’.

Phytochemicals regulate epigenetic modifications, including DNA methylation and histone acetylation,
through methyl donor availability (betaines) and Nrf2-dependent gene expression®’. Vitamin K2
influences gene expression by modulating nuclear receptors and vitamin K-dependent proteins®’?®,

Vanadium and boron alter phosphorylation states of signaling proteins, affecting downstream cellular
responses®.

Figure 13 illustrates how lithium and selenium, two prominent non-traditional nutrients, influence gene
regulation through distinct yet complementary pathways. Lithium’s inhibition of GSK-3p activates Wnt/p-
catenin signaling, promoting neural development and cell cycle progression. Concurrently, selenium’s role
in maintaining redox homeostasis allows it to modulate transcription factors such as NF-xB and AP-1,
which are pivotal in oxidative stress response and inflammation regulation. These mechanisms underscore
the broader genomic and cellular signaling influence exerted by micronutrient status, contributing to both
physiological resilience and disease modulation®.

CONCLUSION

Non-traditional nutrients, comprising rare vitamins, trace minerals, and phytochemicals, play vital yet often
underrecognized roles in human biochemistry and health. Their diverse functions span from modulating
enzymatic activities and redox balance to influencing gene expression and cellular signaling pathways.
Emerging evidence highlights their potential in preventing and managing chronic diseases through
mechanisms not fully leveraged in current nutritional guidelines. However, gaps remain in understanding
their bioavailability, metabolic interactions, and long-term effects. Continued interdisciplinary research is
essential to unlock their full therapeutic and preventive capacities. Integrating these nutrients into
evidence-based dietary strategies promises to enhance personalized nutrition and public health outcomes.

SIGNIFICANCE STATEMENT

This manuscript comprehensively elucidates the biochemical roles and emerging significance of non-
traditional nutrients, including rare vitamins, trace minerals, and phytochemicals that are often overlooked
in conventional nutrition science. By integrating current knowledge on their classification, metabolic
functions, and molecular mechanisms, the review highlights their critical contributions to energy
metabolism, antioxidant defense, inflammation modulation, and gene regulation. The insights provided
pave the way for advancing nutritional research and developing innovative dietary strategies aimed at
optimizing health and preventing chronic diseases through these underappreciated bioactive compounds.
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