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Abstract

Functional foods are a central paradigm in modern nutrition science, acting as effective
vehicles for the delivery of bioactive compounds that link conventional nutrition and pre-
ventive medicine. Beyond their basic nutritional role, these foods are specifically designed
or naturally enriched to convey biologically active constituents capable of modulating
physiological functions and reducing the risk of chronic diseases, thereby supporting
long-term health maintenance. The chemical composition of functional foods—including
polyphenols, phytosterols, vitamins and dietary fibers—underlies their capacity to act as
matrices that protect, transport, and enhance the bioavailability of bioactive molecules. This
review provides an integrated nutritional perspective on functional foods, with particular
emphasis on their role as delivery systems for health-promoting compounds. The molec-
ular mechanisms by which food bioactives interact with cellular and molecular targets,
regulate oxidative stress and inflammation, and modulate metabolic and immune path-
ways are critically discussed. Special attention is devoted to redox-active bioactives, the
structural diversity and bioavailability of polyphenols, the cholesterol-lowering properties
of phytosterols, the physiological relevance of fat- and water-soluble vitamins, and the
complex interactions between functional foods, gut microbiota, prebiotics, probiotics, and
dietary fibers. Overall, this review aims to provide a comprehensive scientific framework
for understanding how functional foods can be strategically engineered and utilized as
bioactive compound vehicles in health promotion and disease prevention.

Keywords: functional foods; bioactive compounds; polyphenols; antioxidant activity; gut
microbiota modulation; chronic disease prevention; nutritional biochemistry

1. Introduction

The relationship between diet and health has been recognized since antiquity, with
early medical traditions already acknowledging the role of food in maintaining physiologi-
cal balance and preventing illness. However, contemporary nutritional science has moved
far beyond the traditional concept of food as a mere source of energy and essential nutri-
ents required for survival [1]. Advances in biochemistry, molecular biology, and systems
physiology have revealed that food components can actively modulate metabolic pathways,
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cellular signaling, gene expression, and immune responses [2]. In recent decades, the
rapidly increasing prevalence of chronic non-communicable diseases—such as cardiovas-
cular disorders, type 2 diabetes mellitus, obesity, metabolic syndrome, neurodegenerative
diseases, and several forms of cancer—has intensified scientific interest in dietary strategies
aimed not only at disease treatment but also at prevention and health promotion. Then, the
concept of functional foods considerably evolved, gaining substantial relevance at scientific,
clinical, and industrial levels [3].

Functional foods are generally defined as foods that, when consumed as part of a
habitual diet and in physiologically relevant amounts, exert beneficial effects on one or
more target functions in the body beyond basic nutritional roles, thereby improving overall
health status or reducing the risk of disease development [4]. Unlike nutraceuticals or
dietary supplements, which are typically formulated in concentrated or pharmaceutical-like
forms (e.g., capsules, tablets, or powders), functional foods retain their conventional food
matrix and are seamlessly integrated into daily dietary patterns [4]. This distinction is
particularly important, as it highlights the potential of functional foods to exert sustained,
long-term effects at the population level while minimizing issues related to compliance,
safety, and excessive intake.

From a biochemical perspective, the functionality of these foods is intrinsically linked
to the presence of specific bioactive compounds [5]. These include polyphenols, carotenoids,
phytosterols, vitamins, bioactive peptides, and structurally diverse carbohydrates such
as oligosaccharides and dietary fibers. These compounds display remarkable structural
heterogeneity, encompassing variations in molecular weight, polarity, redox potential, and
functional groups, which ultimately influence their reactivity and biological behavior [5].
Importantly, their health effects depend not only on intrinsic chemical structure but also
on extrinsic factors such as food matrix composition, processing and storage conditions,
bioaccessibility during digestion, intestinal absorption, metabolic transformation, tissue
distribution, and interactions with host enzymes, receptors, and signaling networks [6].

One of the central biochemical themes linking functional foods to human health is
the regulation of oxidative balance [7]. Oxidative stress, defined as an imbalance between
the generation of reactive oxygen and nitrogen species (ROS and RNS) and the capacity
of endogenous antioxidant defense systems, plays a pivotal role in the initiation and
progression of numerous chronic and degenerative diseases. Persistent oxidative stress
can lead to lipid peroxidation, protein oxidation, DNA damage, and dysregulation of
redox-sensitive signaling pathways [8]. Functional foods provide a rich and diverse source
of exogenous antioxidants that complement endogenous defenses such as superoxide
dismutase, catalase, glutathione peroxidase, and non-enzymatic antioxidants [9]. The
chemistry of these dietary antioxidants, including their redox mechanisms, metal-chelating
properties, radical-scavenging activity, and synergistic interactions, is therefore important
in understanding their protective effects at the cellular and systemic levels. In parallel,
growing attention has been directed toward the gut microbiota as a critical mediator of the
relationship between diet and health. The human gastrointestinal tract is a highly complex
and dynamic microbial ecosystem that actively participates in nutrient metabolism, immune
modulation, maintenance of intestinal barrier integrity, and the regulation of inflammatory
responses [10]. Functional foods can influence both the composition and metabolic activity
of the gut microbiota through the intake of prebiotics, probiotics, and fermentable dietary
fibers. These interactions lead to the production of biologically active metabolites, such
as short-chain fatty acids, which exert local and systemic effects on glucose and lipid
metabolism, immune function, and neuroendocrine signaling [11].

Moreover, the nutritional relevance of functional foods extends to lipid metabolism
and vitamin homeostasis. Phytosterols, due to their structural similarity to cholesterol,
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can competitively inhibit intestinal cholesterol absorption, contributing to the reduction
in plasma LDL cholesterol levels and associated cardiovascular risk [12]. Fat-soluble
and water-soluble vitamins, beyond their classical role in preventing deficiency-related
diseases, participate in redox regulation, immune competence, epigenetic modulation,
cellular differentiation, and signal transduction pathways [13,14]. Their stability during
processing, bioavailability, metabolic fate, and interactions with other dietary constituents
are critical determinants of their functional efficacy [15].

This review aims to provide an overview of the nutritional properties of functional
foods and their relevance as vehicles for bioactive compounds, with particular emphasis on
how functional foods themselves act as complex food-based delivery matrices that protect
bioactive compounds from chemical and enzymatic degradation, modulate their release
during gastrointestinal digestion, enhance bioaccessibility and intestinal absorption, and
influence their metabolic transformation and tissue distribution.

2. Oxidative Stress and Redox Homeostasis
2.1. Molecular Basis and Biological Significance of Oxidative Stress

Oxidative stress is a central biochemical concept for understanding the role of func-
tional foods in human health promotion. Oxidative stress arises when the production of
reactive oxygen species (ROS) exceeds the capacity of antioxidant defense systems, leading
to a disruption of redox homeostasis [16]. Redox balance is essential for normal cellular
function, as tightly regulated oxidation-reduction reactions are involved in mitochondrial
energy production, signal transduction, gene expression, immune responses, and cellular
adaptation to environmental stimuli [16].

Reactive oxygen species comprise both free radical and non-radical oxygen-derived
molecules, including superoxide anion (O, ™), hydrogen peroxide (H,O;), hydroxyl radical
(#OH), singlet oxygen (10,), and peroxyl radicals (ROOe). Free radicals are characterized
by the presence of one or more unpaired electrons in their outer orbital, a feature that
confers high chemical instability and reactivity [17]. In biological systems, this reactivity
drives electron abstraction from nearby molecules in an attempt to achieve energetic
stability, thereby initiating chain reactions that can propagate oxidative damage across
cellular structures [17].

Importantly, ROS are not intrinsically harmful. Under physiological conditions, they
are continuously generated at low concentrations and fulfill essential biological func-
tions [18]. Controlled ROS production participates in host defense mechanisms, such as the
respiratory burst of immune cells, and acts as a secondary messenger in redox-sensitive
signaling pathways that regulate cell proliferation, differentiation, apoptosis, and adaptive
stress responses [18]. Oxidative stress develops when ROS generation becomes excessive,
prolonged, or poorly controlled, overwhelming antioxidant systems and shifting ROS
signaling from physiological regulation to pathological damage [19].

In this context, functional foods acquire relevance. Through the intake of bioactive
compounds such as vitamins, carotenoids, polyphenols, and essential trace elements, these
foods can modulate endogenous antioxidant defenses and contribute to the maintenance
or restoration of cellular redox equilibrium.

2.2. Endogenous and Exogenous Sources of Reactive Oxygen Species

Reactive oxygen species originate from both endogenous metabolic processes and
exogenous environmental exposures. The principal endogenous source of ROS is mito-
chondrial oxidative phosphorylation. During electron transfer along the respiratory chain,
a small fraction of electrons leak from complexes I and III, leading to the partial reduction
in molecular oxygen and the formation of superoxide anions [20].
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Additional endogenous ROS are generated through enzymatic reactions involving
oxidases, oxygenases, and peroxidases, as well as during inflammatory responses. Acti-
vated neutrophils and macrophages deliberately produce large amounts of ROS as part
of antimicrobial defense mechanisms [21]. Furthermore, hepatic xenobiotic metabolism,
particularly phase I reactions mediated by the cytochrome P450 enzyme system, generates
ROS as by-products [22]. Ischemia-reperfusion events constitute another important source
of oxidative stress, as the sudden reintroduction of oxygen into previously hypoxic tissues
results in acute bursts of ROS production [23].

Alongside endogenous metabolism, numerous exogenous factors significantly con-
tribute to oxidative burden. Environmental exposures such as ultraviolet and ionizing
radiation, air pollution, particulate matter, tobacco smoke, heavy metals, pesticides, and
industrial chemicals promote ROS formation [24]. Lifestyle-related factors, including unbal-
anced diets, excessive alcohol consumption, psychological stress, and exposure to certain
pharmacological agents and chemotherapeutics, further exacerbate oxidative stress [24].

2.3. Endogenous Antioxidant Systems

Redox homeostasis in human cells is maintained by a tightly regulated endogenous an-
tioxidant network composed of enzymatic and non-enzymatic components that operate in
a coordinated and compartment-specific manner. Rather than acting as isolated scavengers,
these systems function as an integrated redox-control machinery that limits excessive ROS
accumulation while preserving physiologically relevant redox signaling [25].

Among the enzymatic antioxidants, superoxide dismutases (SODs) represent the pri-
mary defense against superoxide anion (O,e ™), one of the earliest ROS generated during
mitochondprial respiration and cellular metabolism. By catalyzing its dismutation into
hydrogen peroxide (H,O,) and molecular oxygen, SODs prevent superoxide-mediated
damage and redirect redox flux toward more controllable intermediates [25]. The existence
of distinct SOD isoforms, localized in the cytosol (Cu/Zn-SOD), mitochondria (Mn-SOD),
and extracellular space, ensures spatially resolved protection consistent with the compart-
mentalized nature of ROS generation [26].

Hydrogen peroxide, although less reactive than superoxide, plays a dual role as both
a signaling molecule and a potential precursor of highly cytotoxic radicals. Its intracellular
concentration is therefore strictly controlled by catalase and glutathione peroxidases (GPxs).
Catalase, predominantly localized in peroxisomes, exhibits exceptionally high turnover
rates, enabling the rapid detoxification of large H,O, fluxes, particularly under conditions
of acute oxidative challenge [27]. In parallel, selenium-dependent GPxs reduce hydrogen
peroxide and lipid hydroperoxides using reduced glutathione (GSH) as an electron donor,
providing fine-tuned redox regulation in cellular compartments where catalase activity is
limited [28]. Non-enzymatic endogenous antioxidants complement enzymatic defenses
by acting predominantly as preventive and buffering agents. Metal-binding proteins,
including transferrin, ferritin, ceruloplasmin, and lactoferrin, exert a crucial protective role
by limiting the bioavailability of redox-active iron and copper ions [29]. Through metal
sequestration, these proteins effectively suppress radical-generating reactions and represent
a first line of defense against oxidative chain initiation [29].

In addition, low-molecular weight metabolites contribute substantially to systemic
antioxidant capacity. Bilirubin, derived from heme catabolism, has emerged as a physiolog-
ically relevant antioxidant capable of efficiently scavenging peroxyl radicals and inhibiting
lipid peroxidation at circulating concentrations [30]. Similarly, uric acid, the end prod-
uct of purine metabolism in humans, displays significant antioxidant activity through
both radical scavenging and metal-chelating mechanisms. Its abundance in plasma and
epithelial lining fluids underscores its role as a key redox buffer, particularly at the inter-
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face between endogenous metabolism and environmental oxidant exposure [31]. While
endogenous antioxidant systems provide the primary and indispensable framework for
redox control, their efficiency can be modulated and supported by exogenous antioxidants
supplied through the diet. Bioactive compounds present in functional foods do not simply
act as direct radical scavengers, but interact with endogenous defense pathways, influence
redox-sensitive signaling, and contribute to the maintenance of oxidative balance under
conditions of increased metabolic, environmental, or inflammatory stress.

3. Functional Foods as Vehicle of Antioxidants
3.1. Polyphenol-Rich Functional Foods

Dietary polyphenols are widely recognized as key functional food components con-
tributing to health maintenance and the prevention of chronic diseases. Epidemiological
evidence associates a high consumption of polyphenol-rich foods with reduced incidence
of cardiovascular diseases, type 2 diabetes, neurodegenerative disorders, and certain
cancers [32,33]. However, the strength of these associations varies substantially across pop-
ulations and study designs, with some cohort studies reporting modest or non-significant
effects after adjustment for overall dietary quality and lifestyle confounders.

Large prospective cohort studies, including those conducted within Mediterranean
and plant-based dietary patterns, have demonstrated inverse correlations between total
polyphenol intake and all-cause mortality, highlighting the clinical relevance of these
compounds beyond their antioxidant capacity. For instance, high polyphenol intake
(>800-1000 mg/day) has been associated with approximately 20-30% lower all-cause mor-
tality in large European cohorts, although heterogeneity among intake assessment methods
remains a major limitation [34,35]. Importantly, the protective effects attributed to polyphe-
nols cannot be ascribed solely to isolated molecules, but rather to their consumption within
functional foods, where the complex food matrix plays a decisive role in modulating their
stability, bioaccessibility, and biological efficacy [36]. Functional foods rich in polyphenols
act as protective dietary platforms by delivering these compounds in combination with
fibers, lipids, proteins, vitamins, and minerals that influence their release during digestion,
intestinal absorption, and metabolic transformation [37]. Nevertheless, human bioavail-
ability studies indicate that only 5-10% of ingested parent polyphenols typically reach
systemic circulation in native form, underscoring the importance of matrix effects and gut
microbiota metabolism. This matrix-mediated delivery enhances the capacity of polyphe-
nols to exert biological effects, including the attenuation of oxidative stress, modulation of
inflammatory signaling pathways, improvement of endothelial function, and regulation of
glucose and lipid metabolism. Furthermore, polyphenol-rich functional foods contribute to
the maintenance of redox homeostasis not only through direct radical-scavenging activity
but also by upregulating endogenous antioxidant defenses and modulating redox-sensitive
transcription factors. However, some controlled trials report limited changes in systemic
oxidative stress biomarkers, suggesting that indirect signaling mechanisms rather than
classical antioxidant activity may predominate in vivo [38].

Flavonoids are plant-derived pigments belonging to the polyphenol class, widely
distributed in fruits, vegetables, and plant-based foods, where they contribute to col-
oration and serve important protective functions in plants. In human nutrition, flavonoids
are recognized for their antioxidant, anti-inflammatory, and vasoprotective properties.
Flavonoid-rich functional foods represent the most extensively investigated examples of
polyphenol-based functional foods. Regular consumption of flavonol-containing foods,
such as apples, onions, and leafy vegetables, has been associated with improved endothelial
function, reduced blood pressure, and lower cardiovascular risk, with quercetin frequently
identified as a major contributor to these effects [39]. Meta-analyses of randomized trials
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indicate that quercetin supplementation at doses of 500-1000 mg/day can reduce systolic
blood pressure by approximately 3-5 mmHg, although results are inconsistent in nor-
motensive subjects and short-duration interventions. Intervention studies have shown
that quercetin supplementation or quercetin-rich diets can attenuate markers of oxidative
stress and inflammation, partly through the modulation of nitric oxide bioavailability and
inhibition of lipid peroxidation [40]. Notably, interindividual variability linked to gut
microbiota composition has emerged as a key determinant of responsiveness.

Flavanols from cocoa and green tea provide another well-documented example of
polyphenols acting as functional foods in disease prevention. Cocoa flavanol intake
has been repeatedly linked to improvements in flow-mediated dilation, arterial stiffness,
and cognitive performance. Acute and short-term trials report FMD improvements of
~1-2 percentage points following cocoa flavanol doses of 200-900 mg/day, a magnitude
considered clinically meaningful for cardiovascular risk reduction. These findings support
a protective role against cardiovascular and age-related cognitive decline, highlighting co-
coa’s role as a functional food in which the cocoa butter lipid matrix, soluble and insoluble
fibers, and endogenous polyphenol-protein complexes synergistically protect flavanols
from degradation and facilitate their sustained release and bioefficacy [41]. Similarly, green
tea catechins, particularly epigallocatechin-3-gallate (EGCG), have been associated with a
reduced risk of cardiovascular disease, obesity, and metabolic syndrome, as well as with
chemopreventive effects in hormone-related and gastrointestinal cancers. Clinical trials
typically employ EGCG doses ranging from 150 to 800 mg/day, with modest but significant
reductions in LDL cholesterol (=5-10%) reported in several meta-analyses. These benefits
are attributed to combined antioxidant, anti-inflammatory, and metabolic regulatory actions
that are further reinforced by the green tea matrix acting as a functional carrier, in which
catechins form non-covalent complexes with dietary macromolecules, reducing EGCG
degradation, improving bioaccessibility, and enabling prolonged antioxidant and anti-
inflammatory effects [42]. Conversely, high-dose green tea extracts have occasionally been
associated with hepatotoxicity, highlighting the need to distinguish between whole-food
consumption and concentrated supplements. Anthocyanin-rich foods, including berries,
red grapes, and purple vegetables, are increasingly recognized as functional foods with
broad preventive potential. Observational studies and randomized controlled trials have
reported associations between anthocyanin intake and a reduced risk of myocardial infarc-
tion, improved insulin sensitivity, and enhanced lipid profiles [43]. Pooled analyses suggest
that anthocyanin intakes of ~50-320 mg/day are associated with improvements in insulin
sensitivity indices and modest increases in HDL cholesterol, although effect sizes remain
variable across trials. These effects are attributed not only to the intrinsic bioactivity of
anthocyanins but also to the functional food matrix of berries and red grapes, where organic
acids, dietary fibers, and co-occurring polyphenols stabilize anthocyanins, protect them
from pH- and enzyme-mediated degradation, and modulate gut microbiota-dependent
metabolism, thereby enhancing their bioaccessibility and cardiometabolic protective ac-
tions [43]. Blueberries, blackberries, and blackcurrants, in particular, have been shown to
improve vascular function and cognitive performance in both adult and elderly populations,
suggesting a role in the prevention of cardiovascular and neurodegenerative diseases [44].
Nevertheless, several randomized trials report neutral cognitive outcomes, especially in
short-term interventions or low-dose protocols, indicating that duration and metabolite ex-
posure thresholds are critical determinants of efficacy. These benefits are further supported
by berries acting as functional foods, where the interaction between anthocyanins, fiber, and
micronutrients preserves polyphenol bioactivity, facilitates blood-brain barrier-relevant
metabolite formation, and supports endothelial and neuronal resilience [44].
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Isoflavones derived from soy products represent a distinct class of polyphenols with
functional relevance, especially in hormone-related health outcomes. Populations with
a high habitual intake of soy-based foods exhibit a lower incidence of osteoporosis, car-
diovascular disease, and certain hormone-dependent cancers. Clinical and experimental
studies indicate that isoflavones such as genistein and daidzein exert antioxidant and
anti-inflammatory effects while modulating estrogen receptor signaling, contributing to
their protective role in postmenopausal health [45]. Randomized trials using 40-80 mg/day
of soy isoflavones report modest improvements in bone turnover markers and small re-
ductions in LDL cholesterol (~3-6%), although effects on fracture risk remain inconclusive.
These effects are further supported by soy acting as a functional food matrix, in which
isoflavones are naturally present as glycoside conjugates and interact with proteins, fibers,
and lipids, protecting them from premature degradation and modulating intestinal hydrol-
ysis and absorption, thereby enhancing their estrogenic, antioxidant, and anti-inflammatory
efficacy [45]. Citrus fruits, including oranges and lemons, represent a distinctive class of
functional foods in which flavanones such as hesperidin and naringenin contribute to
anti-inflammatory activity, vascular protection, and improved lipid homeostasis. Clinical
studies using hesperidin doses of 500-1000 mg/day have reported reductions in inflam-
matory markers (e.g., CRP) and modest improvements in endothelial function, although
findings are not uniformly consistent. In citrus, these compounds are structurally integrated
within a pectin-rich and acidic matrix that influences their release kinetics during digestion,
favors enzymatic conversion into absorbable forms, and supports colonic biotransfor-
mation into metabolites with enhanced biological relevance. Through this food-specific
architecture, citrus fruits enable a sustained exposure to flavanone-derived bioactives, ulti-
mately supporting endothelial integrity, modulation of lipid metabolism, and attenuation
of low-grade inflammation [46]. The cited examples are summarized in Table 1.

Table 1. Representative examples of functional foods as vehicles of dietary polyphenols.

Food Source

Main Polyphenols/Flavonoids Main Biological Actions Reference

Apples, onions, berries
Cocoa, dark chocolate
Green tea

Red wine, grapes

Blueberries, blackberries,
red grapes

Soy and soy products

Citrus fruits
(oranges, lemons)

Antioxidant and anti-inflammatory effects; improved

i . . L 39,4
Quercetin, kaempferol (flavonols) endothelial function; reduced LDL oxidation and blood pressure [39,40]
. . L Improved vascular function; enhanced nitric oxide
. N - ! . . 41
Epicatechin, procyanidins (flavanols) bioavailability; cognitive and cardiovascular benefits [41]
Epigallocatechin-3-gallate (EGCG), Modulation of oxidative stress and inflammation; [42]
catechins (flavanols) cardiometabolic protection; chemopreventive effects
Resveratrol, flavanols, anthocyanins Car.cl.lovascular protection; modulation of redox signaling; [43]
anti-inflammatory effects
Anthocyanins (cyanidin-, and Antioxidant and anti-inflammatory activity; improved insulin [44]
delphinidin-derivatives) sensitivity; neuro- and cardioprotection
Genistein, daidzein (isoflavones) Phytboestrogemc activity; antioxidant effects; bone, [45]
cardiovascular and hormonal health
Hesperidin, naringenin (flavanones) Anti-inflammatory and vasoprotective effects; improved [46]

lipid metabolism

Legend: LDL—Low-Density Lipoprotein; EGCG—Epigallocatechin-3-gallate; Flavonols—A class of flavonoids
including quercetin and kaempferol; Flavanols—A class of flavonoids including catechins and procyanidins;
Flavanones—A class of flavonoids including hesperidin and naringenin; Anthocyanins—Water-soluble pigments
responsible for red, purple, and blue colors in plants.

3.2. Functional Foods Rich in Phytosterols and Polyunsaturated Fatty Acids

Phytosterols and polyunsaturated fatty acids (PUFAs) represent two major classes of
lipophilic bioactive compounds whose health benefits are closely linked to their incorpora-
tion within functional food matrices. Epidemiological and clinical evidence consistently
demonstrates that diets rich in phytosterol- and PUFA-containing foods are associated with
improved lipid profiles, reduced cardiovascular risk, and modulation of the inflammatory
and metabolic pathways [47]. However, the magnitude of these benefits varies consider-
ably depending on baseline cardiometabolic status, background diet, and formulation of
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the functional food vehicle, indicating that not all enriched products provide equivalent
clinical efficacy.

The biological efficacy of these compounds depends not only on their intrinsic chemical
properties but also on the capacity of functional foods to act as effective delivery vehicles
that ensure their stability, bioaccessibility, and physiological availability. Functional foods
provide a lipid-based matrix that facilitates the solubilization, protection, and controlled
release of phytosterols and PUFAs during gastrointestinal digestion [48]. Bioaccessibility
studies indicate that the micellar incorporation efficiency of phytosterols can vary by more
than twofold depending on the fat content and emulsification state of the food matrix,
highlighting an important but often overlooked source of variability. Indeed, due to their
structural similarity to cholesterol, phytosterols competitively inhibit intestinal cholesterol
absorption by displacing cholesterol from mixed micelles, thereby reducing plasma LDL
cholesterol levels. The food matrix plays a critical role in this process, as the presence of
dietary fats, emulsifiers, and phospholipids enhances micellar incorporation and intestinal
uptake, optimizing the cholesterol-lowering efficacy of phytosterols [48]. Meta-analyses of
randomized controlled trials consistently show that daily phytosterol intakes of 1.5-3.0 g
reduce LDL cholesterol by approximately 7-12%, with a dose-response plateau observed
above ~3 g/day [49]. Similarly, functional foods enriched in PUFAs—particularly omega-3
and omega-6 fatty acids—act as vehicles that promote efficient digestion, absorption, and
tissue incorporation of these highly unsaturated lipids, which are otherwise susceptible to
oxidative degradation [50]. Nevertheless, oxidation during processing and storage remains
a critical limitation for PUFA-enriched products and may attenuate their biological efficacy
if not properly controlled.

Beyond lipid lowering, PUFA-rich functional foods exert protective effects through
modulation of membrane composition, regulation of eicosanoid synthesis, and generation
of specialized pro-resolving lipid mediators involved in the control of inflammation and
immune responses [51]. The structural organization of the food matrix influences PUFA
bioavailability and metabolic fate, affecting their incorporation into cell membranes and
their conversion into bioactive metabolites [51]. Stable isotope studies suggest that incorpo-
ration of EPA and DHA into plasma phospholipids typically reaches 2-4% of total fatty
acids after several weeks of intake, although interindividual variability is substantial [52].
Moreover, functional foods can enhance the oxidative stability of PUFAs by co-delivering
antioxidants such as tocopherols and polyphenols, thereby preserving their biological
activity throughout digestion and metabolism [53]. Among the lipid-derived bioactive
compounds, phytosterols and PUFAs, particularly omega-3 and omega-6 fatty acids, have
been extensively investigated as functional food components for the modulation of car-
diometabolic risk. Phytosterols, including 3-sitosterol, campesterol, and stigmasterol, are
naturally occurring plant sterols structurally analogous to cholesterol and are abundant in
vegetable oils (e.g., corn, soybean, rapeseed oil), whole grains, legumes, nuts, and seeds.
Their cholesterol-lowering properties have been consistently demonstrated in both experi-
mental and clinical settings, positioning phytosterols among the most robustly validated
functional food ingredients [54]. However, their impact on hard cardiovascular endpoints
(e.g., myocardial infarction, stroke) remains insufficiently demonstrated, representing an
important translational gap. Mechanistically, phytosterols reduce intestinal cholesterol
absorption by competing with dietary and biliary cholesterol for incorporation into mixed
micelles formed by bile salts. This competitive displacement limits cholesterol solubiliza-
tion and subsequent uptake by enterocytes [54]. Similarly, human intervention studies
using phytosterol-enriched foods—such as margarines, yogurts, milk-based beverages, and
cereal products—have repeatedly shown reductions in plasma LDL cholesterol ranging
from 7% to 12% with daily intakes of 1.5-3.0 g of phytosterols [55]. Notably, randomized
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controlled trials have reported significant LDL-lowering effects following the consumption
of phytosterol-fortified spreads and dairy products without detrimental effects on HDL
cholesterol or triglyceride levels, supporting their application in primary cardiovascular
prevention [55]. Conversely, concerns have been raised regarding the potential accumula-
tion of circulating phytosterols in rare genetic conditions (e.g., sitosterolemia), although
this appears clinically negligible in the general population [56]. At the cellular level, phytos-
terols entering enterocytes are inefficiently esterified and are actively transported back into
the intestinal lumen via ATP-binding cassette transporters ABCG5 and ABCGS. This efflux
system limits systemic exposure to phytosterols while enhancing fecal sterol excretion. The
consequent reduction in intracellular cholesterol content stimulates hepatic LDL receptor
expression, promoting the increased clearance of circulating LDL particles [55]. Given the
central role of oxidized LDL in foam cell formation and atherogenesis, dietary phytosterol
intake indirectly attenuates vascular inflammation and plaque development. Functional
foods enriched with phytosterols have therefore been incorporated into dietary guidelines
for individuals with mild to moderate hypercholesterolemia as a non-pharmacological
strategy to reduce cardiovascular risk [57]. Nuts, such as almonds and pistachios, are
recognized as functional foods due to their high content of phytosterols, which have been
consistently associated with lowering LDL cholesterol, improving overall lipid profiles,
and promoting cardioprotective effects. Clinical feeding trials indicate LDL reductions of
approximately 5-10% with daily nut intakes of 30-60 g, although the relative contribution
of phytosterols versus unsaturated fats and fiber remains difficult to disentangle [58]. The
protective action of nuts is mediated not only by the intrinsic activity of phytosterols but
also by the complex food matrix, which includes unsaturated fats, fibers, and proteins. This
matrix enhances the solubility and intestinal incorporation of phytosterols, reduces their
degradation during digestion, and modulates their absorption and systemic availability. By
facilitating the effective delivery of bioactive phytosterols, nuts contribute to the regulation
of cholesterol metabolism, reduction in atherogenic lipoproteins, and overall cardiovascular
health [59].

In parallel, omega-3 and omega-6 polyunsaturated fatty acids exert profound effects
on membrane composition, inflammatory signaling, and lipid mediator biosynthesis, mak-
ing them key targets in functional nutrition. Omega-6 fatty acids, predominantly linoleic
acid derived from vegetable oils such as sunflower, corn, and soybean oil, serve as pre-
cursors to arachidonic acid and downstream pro-inflammatory eicosanoids. However,
recent meta-analyses indicate that moderate linoleic acid intake is not consistently asso-
ciated with increased cardiovascular risk, challenging earlier assumptions of uniformly
pro-inflammatory effects [60]. For example, vegetable oils rich in w-6 fatty acids, such as
sunflower and corn oil, are important functional food components due to their high content
of linoleic acid, which serves as a precursor for arachidonic acid and a variety of bioactive
eicosanoids that modulate inflammatory responses. The protective action of these oils is
influenced by their natural matrix, composed of triglycerides, phospholipids, tocopherols,
and minor bioactive compounds, which enhances the stability and bioavailability of linoleic
acid during digestion. This matrix facilitates the efficient incorporation of w-6 fatty acids
into cell membranes, allowing for balanced eicosanoid synthesis and the regulation of im-
mune and inflammatory pathways [61]. However, excessive omega-6 intake, characteristic
of Western dietary patterns, has been associated with chronic low-grade inflammation,
endothelial dysfunction, and increased susceptibility to cardiometabolic disorders [62].
This apparent discrepancy likely reflects the importance of overall dietary context and the
omega-6/omega-3 balance rather than absolute omega-6 intake alone.

Conversely, omega-3 fatty acids—particularly eicosapentaenoic acid (EPA) and do-
cosahexaenoic acid (DHA)—are abundant in fatty fish (e.g., salmon, sardines, mackerel),
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fish oils, and algae-based products, and are widely recognized as functional food com-
ponents with anti-inflammatory and cardioprotective properties [63]. Epidemiological
studies, including large prospective cohort analyses, have consistently linked regular fish
consumption with reduced cardiovascular mortality [63]. Prospective cohort analyses
typically report 15-30% lower cardiovascular mortality among individuals consuming
>2 fish servings per week. The protective effects of these foods are not only due to the
intrinsic bioactivity of EPA and DHA but are also supported by the fish matrix, which is
rich in phospholipids, proteins, and other lipids that enhance the stability, absorption, and
systemic delivery of omega-3 fatty acids [63]. Clinical trials have also demonstrated that
omega-3-enriched functional foods, such as fortified dairy products, eggs, and bakery items,
can lower plasma triglycerides, improve endothelial function, and reduce markers of sys-
temic inflammation [64]. Triglyceride reductions of 15-30% are commonly observed with
EPA+DHA intakes of 24 g/day, whereas lower doses in fortified foods often produce more
modest effects. At the molecular level, EPA and DHA are incorporated into cell membrane
phospholipids, displacing arachidonic acid and altering membrane microdomain organi-
zation and receptor signaling. They also serve as precursors to specialized pro-resolving
mediators, including resolvins, protectins, and maresins, which actively orchestrate the
resolution phase of inflammation. Functional foods enriched with omega-3 fatty acids
have been shown to modulate platelet aggregation, reduce vascular oxidative stress, and
enhance plaque stability, thereby lowering the risk of acute cardiovascular events [64].

Importantly, the dietary omega-6/omega-3 ratio has emerged as a critical determinant
of inflammatory tone. Functional food strategies aimed at correcting the excessively high
omega-6/omega-3 ratio typical of Western diets—through increased omega-3 intake and
partial substitution of omega-6-rich oils—have demonstrated beneficial effects on metabolic
health, insulin sensitivity, and inflammatory biomarkers. Intervention studies targeting
ratios below ~4:1 generally report improvements in inflammatory biomarkers and insulin
sensitivity, although an optimal universal ratio has not been definitively established [64,65].
For example, replacement of conventional cooking oils with omega-3-enriched oils or the
consumption of omega-3-fortified foods has been associated with improvements in lipid
profiles and inflammatory status in both healthy individuals and populations at metabolic
risk [65]. A summary of the cited examples is available in Table 2.

Table 2. Representative examples of functional foods as vehicles of phytosterols and polyunsaturated
fatty acids.

Food Source

Bioactive Compound(s) Main Biological Action(s) Reference

Vegetable oils (corn, soybean, rapeseed)

Phytosterol-enriched margarine Added plant sterols/stanols

Nuts (almonds, pistachios)

Vegetable oils rich in w-6 (sunflower,

corn oil)

Fatty fish (salmon, sardines, mackerel) =~ w-3 PUFAs (EPA, DHA)

w-3-enriched functional foods (dairy
products, eggs, and bakery items)

Phytosterols (3-sitosterol, =~ Competitive inhibition of intestinal cholesterol

campesterol, stigmasterol)  absorption; reduction of plasma LDL-C 541
Significant reduction in LDL-C in [55]
hypercholesterolemic subjects

Phytosterols LDL.—C lower%ng; improvement of lipid profile; [59]
cardioprotective effects

Linoleic acid (w-6 PUFA) Precurso.r of argchldomc acid and eicosanoids; [61]
modulation of inflammatory responses
Anti-inflammatory activity; plaque stabilization; [63]
reduction in cardiovascular mortality i

EPA, DHA Improvement of w-6/w-3 ratio; attenuation of [64]

chronic low-grade inflammation

Legend: LDL-C—Low-Density Lipoprotein Cholesterol; PUFA—Polyunsaturated Fatty Acid; w-3/w-6—Omega-3 and
Omega-6 Fatty Acids; EPA—Eicosapentaenoic Acid; DHA—Docosahexaenoic Acid; Phytosterols—Plant-derived
sterols structurally similar to cholesterol; Plant stanols—Saturated derivatives of plant sterols.
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3.3. Vitamin-Rich Functional Foods

Vitamins constitute an essential class of micronutrients whose biological functions
extend far beyond the prevention of classical deficiency syndromes, playing critical roles
in redox homeostasis, immune competence, cellular differentiation, epigenetic regulation,
and signal transduction pathways [66]. The health impact of vitamins is strongly influ-
enced by the capacity of functional foods to act as effective delivery vehicles, ensuring
their chemical stability, bioaccessibility, and physiological availability within the human
body. Unlike isolated vitamin supplements, vitamins consumed through functional foods
are embedded within complex food matrices that modulate their release during diges-
tion, protect them from degradation, and facilitate their interaction with other dietary
components [67]. This distinction is clinically relevant, as food-based vitamin delivery
often results in slower absorption kinetics and potentially improved metabolic utilization
compared with high-dose supplements.

Functional foods provide a particularly advantageous delivery platform for fat-soluble
vitamins (A, D, E, and K), whose absorption is highly dependent on the presence of dietary
lipids, emulsifying agents, and bile-mediated micellar formation. The lipid architecture of
the food matrix enhances solubilization and intestinal uptake, thereby improving bioavail-
ability and tissue distribution [68,69]. For example, human bioavailability studies indicate
that the co-ingestion of >10-15 g of dietary fat can increase carotenoid and vitamin D
absorption by two- to threefold compared with low-fat conditions [70]. Additionally,
functional foods can protect fat-soluble vitamins from oxidative and photo-induced degra-
dation by co-delivering antioxidants such as polyphenols and tocopherols, preserving their
biological activity throughout processing, storage, and digestion [71].

Water-soluble vitamins, including the B-complex vitamins and vitamin C, exhibit
saturable transport mechanisms. Very high oral doses may not proportionally increase
systemic availability, highlighting the importance of physiologically relevant intake ranges.
Then, these substances benefit from food-based delivery systems. The structural organi-
zation of functional foods influences their stability, gastrointestinal release kinetics, and
interaction with specific intestinal transporters. Moreover, the co-occurrence of vitamins
with bioactive peptides, minerals, and fermentable fibers can modulate absorption effi-
ciency and metabolic utilization, supporting synergistic physiological effects [72].

Vitamins, both fat- and water-soluble, are essential dietary components that modulate
oxidative stress and preserve cellular redox homeostasis, playing a critical role in the
prevention of chronic diseases such as atherosclerosis, type 2 diabetes, neurodegeneration,
and inflammatory disorders [73].

Among the soluble dietary lipids, vitamin E, primarily a-tocopherol, is abundant in
vegetable oils, nuts, seeds, and whole grains, and has been shown in epidemiological stud-
ies and RCTs to reduce plasma lipid peroxidation, protect LDL from oxidative modification,
and improve endothelial function in hyperlipidemic and diabetic subjects [74]. Meta-
analyses of supplementation trials reported reductions in circulating malondialdehyde
and oxidized LDL of approximately 10-20% with doses ranging from 200 to 800 IU/day,
although cardiovascular outcome benefits remain inconsistent. The protective effects of
these foods are enhanced by their functional food matrices, which include lipids, fibers,
and proteins that stabilize x-tocopherol during digestion, promote its intestinal absorption,
and support its systemic delivery [74]. Carotenoids, including (3-carotene, lutein, and
zeaxanthin, present in carrots, spinach, kale, peppers, and apricots, have been associated
with lower oxidative biomarkers, improved macular pigment density, and reduced car-
diovascular risk in large cohort studies and intervention trials [75]. Randomized trials
typically report increases in macular pigment optical density of 5-20% after 3-12 months
of lutein/zeaxanthin intake (10-20 mg/day), although effects on visual performance are
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variable. In these foods, the combination of fibers, lipids, and naturally co-occurring phy-
tochemicals creates a supportive environment that protects carotenoids from digestive
breakdown, facilitates their absorption in the gut, and maintains their biological activ-
ity [75]. Vitamin D, obtained from fatty fish, fortified dairy, and sun-induced synthesis,
modulates oxidative stress indirectly through the suppression of NADPH oxidase activity,
enhancement in glutathione peroxidase expression, and reduction in pro-inflammatory
cytokines [76]. Clinical trials using vitamin D doses of 800-2000 IU/day consistently raised
the serum 25 (OH)D concentrations by ~10-30 ng/mL, yet effects on cardiometabolic end-
points remained modest or inconsistent in many populations. When obtained from foods,
its protective effects are further supported by the functional food matrix—lipids, proteins,
and other micronutrients present in fish and dairy enhance vitamin D stability, facilitate its
intestinal absorption, and promote its incorporation into circulation [76]. Vitamin K, found
in leafy greens, broccoli, and fermented foods, contributes to vascular protection and lowers
oxidative stress markers, partly by preserving endothelial nitric oxide bioavailability [77].
Observational studies link higher dietary vitamin K intake with reduced vascular calcifi-
cation and ~10-20% lower cardiovascular risk, although randomized evidence remains
limited. By interacting with lipids, fibers, and coexisting phytochemicals, vitamin K in
these foods is stabilized and more effectively absorbed, allowing sustained delivery to the
endothelium and optimized vascular and antioxidant protection [77]. Among the water-
soluble vitamins, vitamin C from citrus fruits, kiwi, strawberries, peppers, and berries
directly scavenges reactive oxygen species, regenerates vitamin E, improves endothelial
function, and lowers inflammatory markers [78]. Controlled trials generally report modest
reductions in CRP (=10-25%) and small improvements in endothelial function at intakes
of 200-1000 mg/day, but effects on major cardiovascular outcomes are less consistent. The
effectiveness of vitamin C is further supported by the natural composition of these foods,
where sugars, organic acids, fibers, and coexisting phytochemicals create a protective envi-
ronment that shields it from degradation, enhances its absorption, and prolongs its activity
in the body [78]. B-vitamins, including folate, B6, and B12, contribute indirectly to oxidative
stress regulation by controlling homocysteine metabolism and supporting one-carbon path-
ways, with folate-rich foods such as legumes, leafy greens, and fortified grains shown to
reduce homocysteine and oxidative biomarkers in both healthy and at-risk populations [79].
Supplementation trials typically demonstrate homocysteine reductions of 15-30%, yet large
cardiovascular outcome studies have not consistently shown parallel reductions in clinical
events, indicating a complex relationship between biomarker modification and disease risk.
The bioactivity of folate is enhanced by the complex food matrix, where fibers, proteins,
and naturally co-occurring micronutrients help protect folate from degradation, support
its controlled release during digestion, and facilitate efficient intestinal absorption [79].
Similarly, animal-derived foods such as meat, fish, poultry, eggs, and dairy are primary
sources of vitamin B12 (cobalamin), a cofactor essential for homocysteine metabolism, DNA
synthesis, and the indirect reduction in oxidative stress [80]. Beyond the intrinsic activity of
B12, the natural food matrix plays a key role in its effectiveness: proteins, fats, and other mi-
cronutrients in these foods help protect cobalamin from degradation in the digestive tract,
facilitate its release during enzymatic digestion, and support its uptake in the ileum [80].
Additionally, vitamin B6, mainly in the form of pyridoxal-5'-phosphate, is found in meat,
poultry, fish, legumes, nuts, and cereals, and acts as a coenzyme in amino acid metabolism,
reducing homocysteine and serving as an antioxidant cofactor [81]. Typical dietary intakes
of 1.3-2.0 mg/day are sufficient for metabolic functions, and supraphysiological supple-
mentation has not consistently demonstrated additional antioxidant benefit in controlled
trials. Like B12, the effectiveness of B6 is supported by the surrounding food matrix, where
proteins, fibers, and lipids protect the vitamin during digestion, modulate its release, and
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enhance intestinal absorption [81]. Inositol, a vitamin-like polyol abundant in whole grains,
nuts, and brewer’s yeast, has demonstrated in preclinical and small clinical studies the
ability to reduce oxidative stress via the modulation of Nrf2 and PI3K/Akt pathways
while also improving insulin sensitivity and metabolic control [82]. Small randomized
trials (typically 2—4 g/day myo-inositol) report improvements in insulin sensitivity indices
and reductions in fasting glucose of ~5-10%, although large confirmatory studies are still
lacking. Within these foods, inositol is embedded in a matrix of fibers, proteins, and other
micronutrients that work together to preserve its stability, facilitate its transport across the
intestinal barrier, and prolong its bioactivity [82]. Collectively, this evidence is summarized
in Table 3.

Table 3. Representative examples of functional foods as vehicles of vitamins.

Food Source Bioactive Compound(s) Main Biological Action(s) Reference
Vegetable ‘oils, nuts, seeds, a-Tocopherol (Vitamin E) Antio?dda.nt, Protects LDL-C frorp oxidaﬁon, reduces lipid [74]
whole grains peroxidation, improves endothelial function
Carrots, spinach, kale, {-Carotene, Lutein, Zeaxanthin Antioxidant, improves macular pigment density, reduces (75]
peppers, apricots (Vitamin A precursors) oxidative biomarkers, cardiovascular protection )
Vitamin D3 Modulates oxidative stress, suppresses NADPH oxidase,

Fatty fish, fortified dairy (cholecalciferol) / Vitamin D, enhances glutathione peroxidase, reduces [76]
(ergocalciferol) pro-inflammatory cytokines

Leafy greens, broccoli, Vitamin K (phylloquinone, Vascular protection, preserves NO bioavailability, reduces [77]

fermented foods menaquinone) oxidative stress

Citrus fruits, kiwi, strawberries, Vi . . . Radical scavenger, regenerates vitamin E, reduces oxidative

. itamin C (ascorbic acid) . A . . [78]
peppers, berries stress and inflammation, improves endothelial function
Leafy greens, legumes, Folate (Vitamin B9) Regulates homocysteine metabolism, reduces oxidative [79]

fortified grains
Meat, fish, poultry, eggs, dairy

Meat, poultry, fish, legumes,
nuts, cereals

Whole grains, nuts, legumes,
brewer’s yeast

biomarkers, supports DNA synthesis
Cofactor for homocysteine metabolism, DNA synthesis, [80]
reduces oxidative stress indirectly

Coenzyme in amino acid metabolism, reduces homocysteine,
antioxidant cofactor

Modulates oxidative stress via Nrf2 and PI3K/Akt pathways,
improves insulin sensitivity

Vitamin B12 (Cobalamin)

Vitamin B6

(Pyridoxal-5'-phosphate) [81]

Inositol (myo-inositol) [82]

Legend: LDL-C—Low-Density Lipoprotein Cholesterol; NO—Nitric Oxide; NADPH oxidase—Nicotinamide
adenine dinucleotide phosphate oxidase; =~ Nrf2—Nuclear factor erythroid 2-related factor 2;
PI3K/Akt—Phosphatidylinositol 3-kinase/Protein kinase B signaling pathway; Vitamin D3—Cholecalciferol;
Vitamin D,—Ergocalciferol; Myo-inositol—Vitamin-like cyclitol involved in insulin signaling.

4. Functional Food Action on Human Microbiota

The human microbiota is a complex and dynamic consortium of bacteria, archaea,
viruses, and fungi residing on multiple body surfaces, functions as a metabolic and im-
munological organ essential for human health [83]. In the gut, a nutrient-rich and relatively
neutral environment, commensal microbes such as Bacteroides, Lactobacillus, Bifidobacterium,
and Escherichia coli participate in the fermentation of non-digestible carbohydrates into
short-chain fatty acids (SCFAs) like acetate, propionate, and butyrate, which serve as
both energy substrates for colonocytes and as signaling molecules that regulate host
metabolic and immune functions [84]. SCFAs enhance epithelial barrier integrity, sup-
press pro-inflammatory cytokine production, and promote regulatory T-cell differentiation
by inhibiting histone deacetylases and activating G protein-coupled receptors, thereby
establishing a critical link between microbial metabolism and host immune homeosta-
sis [85]. Dysbiosis, defined by reduced microbial diversity and depleted beneficial taxa, is
implicated in the pathogenesis of autoimmune diseases such as rheumatoid arthritis, type
1 diabetes, and inflammatory bowel disease through immune dysregulation, increased
intestinal permeability, and altered metabolite signaling [86].

Functional foods serve as structured dietary vehicles that transport microbiota-
accessible substrates—including dietary fibers, resistant starches, polyphenols, and fer-
mented components—into the gastrointestinal tract, where they selectively influence mi-
crobial composition and metabolic activity [87]. The food matrix plays a decisive role in
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determining the spatial and temporal availability of these substrates, modulating their
fermentation kinetics and shaping microbial cross-feeding interactions within the gut
ecosystem [88]. Through the delivery of prebiotics, probiotics, and synbiotic combina-
tions, functional foods promote the growth and activity of beneficial microbial taxa while
suppressing dysbiosis-associated microorganisms. Fermentable fibers and complex carbo-
hydrates reach the colon largely intact, where they are metabolized by commensal bacteria
into short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate [89]. These
metabolites exert effects on host physiology, including the regulation of glucose and lipid
metabolism, reinforcement of intestinal barrier integrity, modulation of immune and inflam-
matory responses, and communication with neuroendocrine pathways via the gut-brain
axis [90]. Importantly, recent meta-analyses indicate that the magnitude of microbiota mod-
ulation by functional foods is highly heterogeneous across studies, with reported increases
in fecal butyrate ranging from approximately 15% to over 60% depending on substrate type,
dose (typically 3-15 g/day for fermentable fibers), and intervention duration (4-12 weeks).
This variability underscores the need for standardized dosing frameworks and careful
interpretation of cross-study comparisons [91].

Moreover, functional foods can facilitate the targeted delivery and survival of probiotic
microorganisms by providing protective matrices that enhance viability during processing,
storage, and gastrointestinal transit. Encapsulation within food structures, buffering against
gastric acidity, and co-delivery with fermentable substrates improve colonization efficiency
and functional persistence [92]. Fermented foods and probiotic interventions offer ways to
modulate microbiota composition and function: for example, kefir consumption has been
shown to increase the abundance of lactate-producing and SCFA-associated bacteria such
as Bifidobacterium breve and Blautia in healthy adults, with concomitant enhancement of
butyrate pathways and potentially improved gut health [93]. In controlled human trials,
kefir intake (typically 200400 mL/day for 4-8 weeks) has been associated with modest
but statistically significant increases in fecal SCFA concentrations (~10-25%), although
some studies report no significant shifts in alpha diversity, highlighting interindividual
variability and potential ceiling effects in healthy populations [94]. These protective effects
are supported by the functional matrix of kefir, in which live microorganisms, peptides,
bioactive lipids, and exopolysaccharides act synergistically to stabilize probiotic viabil-
ity, enhance colonization and metabolic activity, and promote the production of SCFAs
and other bioactive metabolites [93]. Kombucha ingestion has been associated with re-
duced pro-inflammatory taxa and increased beneficial genera such as Lactobacillus and
Mucispirillum, resulting in improved metabolic and liver health outcomes in rodents [95],
and modest enrichment of SCFA-producing taxa like Weizmannia coagulans in controlled
human settings [96]. Nevertheless, translational relevance remains debated: rodent studies
often report pronounced metabolic improvements (e.g., 20-40% reductions in hepatic lipid
accumulation), whereas human trials generally show smaller or non-significant metabolic
effects, likely reflecting differences in dose normalization, microbiota baseline composition,
and study duration. The beverage’s protective effects are reinforced by its complex matrix
of live microbes, polyphenols, and fermentation-derived metabolites, which preserve mi-
crobial activity, promote SCFA synthesis, and support antioxidant defenses [96]. Miso, a
traditional fermented soybean paste, contains a diverse consortium of beneficial microor-
ganisms, including Lactobacillus, Enterococcus, and Bifidobacterium, and has been associated
with antioxidant activity, support of digestive enzyme function, immune modulation, and
cardiovascular protection [97]. However, epidemiological data are partly conflicting, as
some population studies link high miso intake with elevated sodium exposure, which
may offset cardiovascular benefits in salt-sensitive individuals. Quantitative risk—benefit
assessment therefore remains necessary when recommending habitual consumption. These
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effects are underpinned by miso’s functional food matrix, which arises from the fermenta-
tion of soy proteins and carbohydrates into bioactive peptides, amino acids, and microbial
metabolites. This matrix preserves microbial viability, enhances enzymatic activity in the
gastrointestinal tract, and promotes the production of antioxidant and anti-inflammatory
compounds while also facilitating interactions with the gut microbiota [97,98]. Sauerkraut,
a fermented cabbage product, is rich in lactic acid bacteria such as Lactobacillus plantarum
and Leuconostoc species and has been associated with increased bioavailability of vitamins C
and K, improved nutrient absorption, and modulation of the gut microbiota [99]. Interven-
tion studies suggest that daily consumption (~50-100 g/day) can increase fecal lactic acid
bacteria counts by roughly 0.5-1.5 log units, although effects on clinical endpoints such as
inflammatory markers remain inconsistent across trials. The protective effects of sauerkraut
are driven by its functional food matrix, which is shaped by the lactic fermentation of
cabbage fibers and phytochemicals. This process enhances vitamin stability, generates or-
ganic acids and bioactive metabolites, and promotes the survival and activity of beneficial
microbes in the gastrointestinal tract [99]. In addition to the actions of fermented foods
containing live probiotics, prebiotics such as inulin and fructooligosaccharides act as selec-
tively fermentable substrates that nourish beneficial gut microorganisms and enhance their
metabolic activity [100]. Dose-response analyses indicate that prebiotic supplementation
in the range of 5-10 g/day typically increases Bifidobacterium abundance by 1-2 log units,
although gastrointestinal tolerance (e.g., bloating) becomes more frequent above ~15 g/day,
representing a practical upper limit for many individuals. On this basis, synbiotic interven-
tions combining probiotics and prebiotics demonstrate enhanced microbial fermentation
and elevated SCFA production, supporting metabolic regulation and reduction in harmful
metabolites linked to inflammation and obesity. For example, synbiotic yogurt, formulated
by combining probiotic strains such as Lactobacillus rhamnosus and Bifidobacterium lactis
with prebiotic fibers including fructooligosaccharides (FOS) or inulin, has been shown to
promote synergistic enhancement of short-chain fatty acid (SCFA) production, improved
metabolic profiles, and protection of gut barrier integrity [101]. Randomized controlled
trials report improvements in HOMA-IR of approximately 8-20% and modest reductions
in circulating CRP (~5-15%) after 6-12 weeks of synbiotic yogurt consumption, although
not all studies reached statistical significance, reflecting heterogeneity in strain selection,
viable counts (107-10'° CFU/day), and host metabolic status. Within the yogurt functional
matrix, the dairy protein-lipid network preserves probiotic viability and supports their
survival through the gastrointestinal tract while fructooligosaccharides act as selectively
fermentable substrates that stimulate the growth and metabolic activity of beneficial bac-
teria and downstream SCFA-producing taxa [101]. Collectively, while the preponderance
of evidence supports a beneficial role of functional foods in microbiota modulation, the
field is characterized by substantial heterogeneity in study design, microbial endpoints,
and clinical outcomes. Future well-powered, strain-specific, and dose-standardized hu-
man trials are required to resolve current inconsistencies and define clinically meaningful
effect thresholds. Table 4 summarizes the specific probiotic/prebiotic interventions with
health outcomes.
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Table 4. Representative functional foods modulating gut microbiota and associated health outcomes.

Food Source

Key Microbial Taxa Modulated Main Health Outcomes Reference

Kefir (milk-based)

Kombucha (tea-based)

Miso (fermented
soybean paste)
Sauerkraut (fermented
cabbage)

Synbiotic yogurt
(probiotics + inulin/FOS)

Bifidobacterium breve, Lactobacillus

SCFA-producing taxa

Increased SCFA production (butyrate), improved
gut barrier integrity, enhanced antioxidant status, [93]

spp-, Blautia immune modulation
Lactobacillus, Weizmannia Anti-inflammatory effects, improved liver

N . . [95,96]
coagulans, Mucispirillum spp. metabolism, enhanced SCFA production
Lactobacillus spp., Enterococcus Antioxidant activity, digestive enzyme support, [97,98]
spp., Bifidobacterium spp. immune modulation, cardiovascular protection !
Lactobacillus plantarum, Increased vitamin C and K bioavailability, improved [99]
Leuconostoc spp. nutrient absorption, gut microbiota modulation
é‘:ﬁ;%%;?ﬁﬁuﬁizzgzzwns bream Synergistic enhancement of SCFA production, [101]

improved metabolic profiles, gut barrier protection

Legend: SCFA(s)—Short-chain fatty acids (acetate, propionate, butyrate); spp.—Multiple species within the
same genus; FOS—Fructooligosaccharides; Synbiotic—Combination of probiotics and prebiotics designed to act
synergistically; Gut barrier integrity / function—Refers to maintenance of intestinal epithelial tight junctions and
permeability control.

5. Optimizing Bioactive Stability and Efficacy in Functional Foods

The effectiveness of functional foods as health-promoting agents is inherently tied to
the chemical and physical stability, bioaccessibility, and systemic bioavailability of their
constituent bioactive compounds. Many bioactives are chemically fragile and highly suscep-
tible to degradation during food processing, storage, and gastrointestinal transit, conditions
characterized by exposure to heat, oxygen, light, moisture, and pH fluctuations, which
can cause oxidative breakdown, isomerization, hydrolysis, or interaction with other food
components that reduce their biological activity and therapeutic efficacy [102]. To overcome
these intrinsic stability issues, the food matrix itself plays a pivotal role in modulating
the fate of bioactives during digestion and absorption. Interactions with proteins, lipids,
polysaccharides, and micronutrients can sequester bioactives, limit their release, or alter
their chemical form, substantially reducing the fraction that becomes bioaccessible during
gastrointestinal digestion [103]. Additionally, the food matrix’s macronutrient composition
and physical structure (e.g., fiber content, food particle size, and processing state) can
dramatically influence the release kinetics of compounds from different food systems,
underscoring the matrix’s critical influence on bioaccessibility [103].

In recent years, many advanced delivery and stabilization strategies capable of preserv-
ing, protecting, and enhancing the functional performance of bioactive compounds were de-
veloped. One of the most transformative approaches is nanoencapsulation, wherein bioac-
tives are entrapped within nanometer-scale carriers constructed from food-grade lipids,
proteins, polysaccharides, or synthetic polymers. By isolating sensitive molecules from
environmental stressors, nanoencapsulation can markedly improve their physicochemical
stability, storage life, and performance during digestion while facilitating enhanced dis-
persion and interaction with biological membranes [104]. Among the nanoencapsulation
systems, nanoliposomes have emerged as flexible vehicles capable of accommodating both
hydrophilic and lipophilic bioactives due to their phospholipid bilayer architecture. Nano-
liposomes protect encapsulated molecules from degradation and offer controlled release
properties that can be tuned through surface modification or composition adjustments,
thereby enhancing stability and targeted delivery within the gastrointestinal tract. For
instance, encapsulation of vitamins and antioxidant polyphenols into liposomal structures
has been shown to protect these compounds from oxidative and enzymatic degradation
while facilitating improved cellular uptake in vitro [105]. Liposomal vitamin C, for ex-
ample, exhibits significantly enhanced stability and prolonged bioactivity compared with
free ascorbic acid due to protection from oxidative catalysts and gastric degradation [106].
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Liposomal formulations also improve intestinal permeability by promoting fusion with
mucosal membranes and facilitating transcellular uptake [106].

Nanoemulsions represent another major class of delivery systems, particularly useful
for lipophilic bioactives such as carotenoids, curcumin, and omega-3 fatty acids. These
systems consist of oil-in-water droplets on the order of 20-200 nm, stabilized by food-grade
emulsifiers, which provide high surface area and kinetic stability against coalescence [107].
Nanoemulsions have demonstrated their ability to protect sensitive compounds against
isomerization and degradation during storage and gastrointestinal processing [108]. For
example, curcumin nanoemulsions formulated with medium-chain triglycerides and pro-
tein stabilizers achieved bioaccessibility levels of 74-79% versus 1.7% for free curcumin,
showcasing the dramatic enhancements possible through nanoemulsion technology [109].
Lipid-based nanoparticles such as solid lipid nanoparticles (SLNs) and nanostructured lipid
carriers (NLCs) provide additional advantages for lipophilic compounds. By constructing
a solid lipid matrix that remains solid at room and physiological temperatures, SLNs and
NLCs confer rigid protective environments that reduce oxidative degradation and volatility
of encapsulated bioactives; they are particularly adept at stabilizing carotenoids, vita-
mins, and essential oils against degradation and oxidation during processing and storage,
thus improving their retention in functional food products. For example, omega-3 fatty
acids and vitamin D encapsulated in SLNs have shown significantly improved resistance
to oxidative stress and enhanced stability under storage, suggesting their potential for
use in fortified foods such as dairy and beverage products [110]. In addition to lipid ap-
proaches, biopolymer-based nanoparticles—constructed from proteins and polysaccharides
such as 3-lactoglobulin, chitosan, alginate, pectin, and composite protein—polysaccharide
matrices—offer “green” delivery platforms with excellent biocompatibility and regulatory
acceptance. These carriers enhance bioactive stability by forming robust physical barriers
and can be engineered to provide targeted release profiles through responsive changes
to pH or ionic conditions encountered along the digestive tract. Protein—polysaccharide
complexes, for instance, have been used to stabilize polyphenols (e.g., chlorogenic acid,
gallocatechin gallate) during in vitro digestion, improving their gastric stability and acces-
sibility compared with free forms [111].

Gum Arabic-coated nanostructures have likewise been shown to stabilize antho-
cyanins and enhance their cellular uptake and antioxidant activity. Such biopolymer
systems also reduce undesirable interactions with the food matrix, improving solubility
and functional efficacy without compromising sensory properties [112].

Polysaccharide carriers such as starch, maltodextrin, alginate, pectin, and inulin have
demonstrated utility as micro- and nanocarrier wall materials for polyphenols and pig-
ments, creating protective barriers that improve encapsulation efficiency (up to ~90%) and
enhance bioaccessibility and functional performance in simulated digestion models. These
materials can be designed to interact favorably with both hydrophilic and hydrophobic
compounds, supporting their integration into complex food systems without adversely
affecting texture or palatability. By entrapping polyphenols in a polysaccharide matrix,
for example, controlled release throughout gastrointestinal transit is facilitated, improv-
ing their interaction with intestinal tissues and transport into systemic circulation [113].
Beyond traditional encapsulation approaches, advanced fabrication technologies such as
electrospinning, electrospraying, microfluidic particle fabrication, and co-encapsulation
strategies are expanding the possibilities for functional food design. Electrospinning and
electrospraying produce ultra-fine polymer fibers or particles that can encapsulate bioac-
tives in amorphous states, enhancing solubility and dissolution rates for poorly soluble
compounds like curcumin or lycopene [114].
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In parallel with encapsulation and nanodelivery, valorization of agro-industrial by-
products have become integral to functional food development. Materials such as hazelnut
skin, fruit pomace, cereal bran, and whey represent concentrated sources of polyphenols,
fibers, vitamins, and peptides that can be extracted and stabilized for use in fortified foods.
Using green solvent extraction techniques (e.g., ethanol or natural deep eutectic solvents)
to recover bioactive fractions from food waste not only minimizes environmental impact
but also yields nutraceutical ingredients with preserved functional properties suitable
for incorporation into delivery systems. For example, hazelnut cuticle extracts high in
catechins and quercetin have been fortified into plant-based beverages with high bioac-
cessibility, illustrating how valorized by-products can be transformed into bioefficacious
ingredients [115].

Collectively, these technological advances not only enhances the functional impact of
bioactive compounds but also supports the health benefits of sustainable production in
modern food systems. The discussion is summarized in Table 5.

Table 5. Delivery challenges and advanced protection strategies for bioactive compounds in
functional foods.

Bioactive Class Stability & Bioavailability Challenges Delivery/Protection Strategies Reference
Polyphenols (EGCG, Sensitive to heat, light, oxygen; prone to
curcumin, anthocyanins, oxidation and polymerization; poor Nanoencapsulation in liposomes to [105]
catechins, quercetin) solubility in aqueous media; interactions enhance stability and intestinal delivery
Vitamins with proteins reducing bioaccessibility
Sensitive to heat, light, oxygen; prone to
. . oxidation and polymerization; poor Nanoencapsulation in liposomes to
Vitamin C e L. . . . [106]
solubility in aqueous media; interactions ~ improve protection and controlled release
with proteins reducing bioaccessibility
. Lipophilic, low water solubility; sensitive to  Nanoemulsions to enhance dispersibility,
Curcumin . . . . o [109]
light, oxygen, heat; prone to isomerization  absorption, and stability
Omega-3 fatty acids & Nanoemulsions, SLNs/NLCs, liposomes
Lipophilic nutraceuticals Oxidation, rancidity, low water solubility ~ and co-encapsulation to improve oxidative  [110]
(e.g., Vit D) stability and bioavailability
Polyphenols (e.g., Ser.1s1t1.v e to heat, light, oxygen, prone to Protein—polysaccharide complexes to
K . oxidation and polymerization; poor .
chlorogenic acid, e L. . enhance protection and [111]
. solubility in aqueous media; interactions . . .
gallocatechin gallate) . . . . o gastrointestinal delivery
with proteins reducing bioaccessibility
. - Gum Arabic-coated nanostructures to
Anthocyanins Poor thermal stability improve thermal stability and color retention [112]
Controlled release throughout Polysaccharlde Carriers (sta¥ch, .
Polyphenols . . maltodextrin, alginate, pectin, and inulin) ~ [113]
gastrointestinal P !
or targeted and sustained release
Electrospinning and electrospraying to
Curcumin or lycopene Poor solubility produce nano/micro-structured [114]
delivery systems
Valorized by-products . .. ) . NADES extraction, micro/nanoencapsulation
(hazelnut skin, cereal bran, Extraction efficiency; stability of recovered and hydrogel incorporation to improve [115]

whey, fruit pomace)

bioactives; taste/odor masking

recovery, stability, and palatability

Legend: EGCG—Epigallocatechin-3-gallate; SLNs—Solid lipid nanoparticles; NLCs—Nanostructured lipid
carriers; NADES—Natural deep eutectic solvents; Co-encapsulation—Simultaneous encapsulation of multiple
bioactives in the same carrier system.

6. Conclusions

This review underscores the role of functional foods as a vehicle for bioactive com-
pounds, providing a link between composition, nutritional function, and health promotion.
The concept of food has shifted from being seen only as a source of energy to being recog-
nized as a biologically active system that can influence physiological functions, support
homeostasis, and interact with the body’s defense mechanisms. Indeed, functional foods
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act as complex delivery systems capable of transporting polyphenols, carotenoids, phy-
tosterols, vitamins, bioactive peptides, fibers, and microbiota-modulating components to
target sites within the body. Their effectiveness relies not only on the intrinsic properties of
these bioactive molecules but also on the structural and physicochemical characteristics of
the food matrix, which influence stability, gastrointestinal release, absorption, microbial
metabolism, and systemic bioavailability. A recurring theme in the health-promoting po-
tential of functional foods is the regulation of oxidative stress. Polyphenols, carotenoids
and water- and fat-soluble vitamins all contribute to redox homeostasis. Importantly, the
stability and bioaccessibility of these molecules are critical determinants of their in vivo
efficacy. Several studies have repeatedly demonstrated that processing, storage, and gas-
trointestinal conditions can markedly reduce the bioactive potential of foods, highlighting
the need of functional food and advanced formulation strategies. Parallel to antioxidant
activity, the modulation of the gut microbiota has emerged as a critical mechanism through
which functional foods exert systemic benefits. Prebiotics, probiotics, and fermentable
fibers act synergistically to shape microbial communities, promoting beneficial taxa such as
Lactobacillus and Bifidobacterium while suppressing potentially pathogenic populations.
Fermented foods, including kefir, miso, kombucha, and sauerkraut, provide both live
microbial strains and bioactive metabolites, illustrating how traditional dietary patterns
naturally integrate microbiota-targeted interventions. The interplay between microbiota,
prebiotic fibers, and bioactive compounds further highlights the need to consider the food
matrix, digestion dynamics, and bioaccessibility in evaluating the functional impact of
these foods. Finally, sustainability considerations increasingly intersect with functional
food development, reinforcing the importance of valorizing by-products. Despite these
advances, several challenges remain in translating compositional richness into measurable
health outcomes. The chemical lability of bioactive molecules, interactions with complex
food matrices, variable digestive kinetics, and interindividual differences in microbiota
composition all contribute to heterogeneous responses. Therefore, rigorous evaluation of
bioaccessibility, intestinal absorption, systemic bioavailability and bioefficacy is essential
to bridge the gap between in vitro findings, nutritional composition data, and clinical
efficacy. Multidisciplinary approaches integrating food chemistry, biotechnology, nutri-
tional sciences, microbiology, and materials science are central to this effort. In conclusion,
functional foods represent the base of modern nutrition, moving from caloric adequacy
toward proactive modulation of health and disease risk. The integration of bioactive com-
pounds, fibers, probiotics, and prebiotics, combined with advanced delivery technologies
and sustainable sourcing, ensures that these foods can provide tangible, clinically relevant
benefits. Functional foods, when effectively formulated and strategically integrated into
daily dietary patterns, hold the potential to transform nutrition from a passive source of
sustenance into an active instrument of health promotion and disease prevention.
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