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Microbiome, prebiotics, probiotics, host microbiota. Phytonutrients, such as polyphenols and carotenoids,

postbiotics, phytonutrients, gut health enhance microbial diversity and short-chain fatty acids (SCFA)
production through microbial biotransformation, exerting antioxidative
and anti-inflammatory effects via pathways like Nrf2/ARE and NF-kB.
Prebiotics, including inulin, fructooligosaccharides (FOS), and
galactooligosaccharides (GOS), selectively enrich beneficial microbes
such as Bifidobacterium and Lactobacillus, leading to increased SCFA
levels and improved gut barrier integrity. Probiotics, composed of live
microbes like Lactobacillus and Bifidobacterium, contribute to health
through competitive exclusion of pathogens, modulation of Treg/Th17
balance, and enhancement of tight junction proteins. Postbiotics —
non-viable microbial products such as SCFAs, bacteriocins, and indole-
3-propionic acid — modulate immune signaling via Toll-like receptors
(TLRs) and Nod-like receptors (also called Nucleotide-binding
oligomerization domain-like receptors, NLRs),providing a safer
alternative in immunocompromised populations. These agents
collectively regulate cytokine networks (e.g., interleukins IL-10, IL-6,
tumor necrosis factor TNF-a), improve metabolic outcomes via cAMP-
activated protein kinase (AMPK) and Peroxisome proliferator-activated
receptor gamma (PPAR-y) pathways, and interact with the gut—brain
axis. Integrative strategies, including synbiotics and designer biotic
foods, offer promising therapeutic applications in chronic diseases such
as inflammatory bowel disease (IBD), metabolic syndrome, and
neurodegeneration. The review underscores the potential of precision
nutrition approaches that combine biotic types to personalize health
interventions. Ongoing clinical research and advances in genomics,
metabolomics, and delivery systems are poised to enhance the efficacy,
safety, and personalization of microbiome-targeted therapies.
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Introduction:-

A deficiency/absence of saprophytic (commensal) microorganisms disrupts the natural microbial balance, fostering
conditions that allow pathogenic species to flourish. This microbial imbalance — also known as dysbiosis — has
been linked in recent studies to a broad range of diseases affecting virtually every organ system [1-4]. The human
gut microbiome plays a crucial role in health, influencing immune function, metabolism, and even neurological
processes. Among the most beneficial microbial products SCFAs are primarily produced by specific gut bacteria
through fermentation of dietary fibers and polyphenols — key components of prebiotics and phytonutrients [5].
Recent integrative efforts in systems biology, metabolomics, and microbial ecology have illuminated a complex,
cooperative network among dietary phytonutrients, prebiotics, probiotics, and postbiotics in the regulation of host
physiology [6] . These bioactive agents function synergistically, rather than independently, as multi-modal
modulators of the gut microbiota — immune — metabolic axis, exerting effects at both the intestinal and systemic
levels via cascades of molecular interactions (Figure 1).

Figure 1. Graphical abstract

PREBIOTICS (Microbial food) Synbiotics (Live microbes
+ modulationg the

micrebiota food components)

PROBIOTICS (live
microbes)

POSTBIOTICS (Inanimate
microorganisms and/or their

multiple components)|

-2

Microbial fermentation and bioactive metabolite production central to this synergy is the microbial fermentation of
non-digestible dietary substrates — namely fibers and phytochemicals — which generates a spectrum of bioactive
metabolites, prominently short-chain fatty acids (SCFAs: acetate, propionate, butyrate)[7]. SCFAs are integral to gut
and systemic health. Their benefits include anti-inflammatory effect of butyrate that maintains gut barrier, rand
educes risk of colorectal cancer. Propionate modulates lipid metabolism and appetite, whereas acetate provides the
broad-spectrum energy source for peripheral tissues. Low SCFA levels have been linked to obesity, inflammatory
bowel disease (IBD), and type 2 diabetes[8]. These SCFAs serve dual rolesregarding epigenetic regulation by
inhibition histone deacetylases (HDACsS), thereby promoting histone acetylation and influencing gene expression
linked to inflammation resolution, energy metabolism, and immune tolerance [9]- on the one hand, and the receptor-
mediated signaling, where SCFAs act as endogenous ligands for G-protein—coupled receptors (GPR41/FFAR3,
GPR43/FFAR2, GPRI109A), thus modulating energy homeostasis, immune function, and inflammatory
pathways[10]— on the other hand.

Materials and Methods:-

This review was conducted using a systematic and integrative approach to gather, analyze, and synthesize current
findings related to phytonutrients, probiotics, prebiotics, and postbiotics, with a focus on their mechanisms of action
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and recent advances in the field. A comprehensive literature search was performed across several reputable scientific
databases, including PubMed, Scopus, Web of Science, and Google Scholar. The search encompassed publications
from January 2010 to May 2025, with an emphasis on recent literature published within the last 5 years. The
following keywords and combinations were used: "phytonutrients," "flavonoids," "polyphenols," "probiotics,"
"Lactobacillus," "Bifidobacterium," "prebiotics," "inulin," "fructooligosaccharides," "galactooligosaccharides,"
"postbiotics," "short-chain fatty acids,” "immune modulation," "gut microbiota," "Treg/Th17 balance," "AMPK
pathway," "PPAR-y," and "inflammatory diseases."

Studies were included based on the following criteria: peer-reviewed original research articles, clinical trials, and
high-quality reviews; focus on mechanisms of action, clinical or preclinical outcomes, or functional properties of
phytonutrients, probiotics, prebiotics, and postbiotics; articles published in English. Exclusion criteria included: non-
peer-reviewed articles, conference abstracts, and non-English publications, studies lacking mechanistic detail or
scientific rigor.

Selected articles were critically evaluated for their scientific quality, relevance, and methodological soundness. Data
on bioactive compounds, microbial strains, metabolic products, immune signaling pathways (e.g., AMP-activated
protein kinase and peroxisome proliferator-activated receptor gamma), and clinical relevance (e.g., modulation of
inflammatory bowel disease, metabolic syndrome) were extracted and synthesized. Where appropriate, mechanistic
insights were compared across different compound categories and intervention models. All data were obtained from
reliable and peer-reviewed sources, with preference given to articles from high-impact journals and studies validated
by in vitro or clinical evidence. Scientific consensus and reproducibility of findings were considered in assessing the
strength of evidence.

Mechanistic Insights and Recent Advances:

A 2025 review in ScienceDirect asserts that host genetic and epigenetic variability in SCFA receptor expression
(e.g., GPR41) critically influences responsiveness to dietary interventions [11, 12]. A 2023 Nature Immunology
publication underscores SCFAs’ immunoregulatory roles in autoimmune disease models, mediated by tissue-
specific receptor activation and HDAC inhibition [13]. Emerging systems-biology analyses deploying microbiome—
metabolome integration highlight coordinated microbial metabolism underlying SCFA production and its correlation
with host health metrics [14].

Phytonutrients and Prebiotics: Boosting SCFA-Producing Gut Microbes:

Plant-derived polyphenols and fibers serve as metabolic substrates for SCFA-producing taxa such as
Faecalibacterium, Roseburia, and Bacteroides, thereby augmenting SCFA pools.Phytonutrients, such as
polyphenols, carotenoids, flavonoids undergo metabolism by gut microbes to yield metabolites with health-
promoting properties. Polyphenols, eg. flavonoids lead to formation of microbial metabolites modulating gut—brain
axis and inflammation reducing cancer risk, as well as promoting growth of Bifidobacterium and Lactobacillus,
enhance SCFA production.Phytonutrientsare not only antioxidants but also act as metabolic substrates for gut
microbiota. Despite being poorly absorbed in the upper gastrointestinal tract, polyphenols reach the colon where
they undergo microbial transformation, enhancing the growth of SCFA-producing bacteria such asFaecalibacterium
prausnitzii, Roseburia spp., and Bacteroides spp.These microbes metabolize polyphenols into bioactive phenolic
acids, simultaneously generating SCFAs that help regulate inflammation, support intestinal barrier function, and
provide energy for colonocytes [16, 17].Carotenoids, e.g., lycopene, B-carotene bioavailability can be improved via
prebiotics or nanotech strategies.

Defined as non-digestible food components stimulating beneficial microbes, prebiotics include inulin,
fructooligosaccharides (FOS), galactooligosaccharides (GOS), resistant starch, pectin, etc (Table 1). Acting as fuel
for fermentative microbes, directly increasing SCFA productionprebiotics like phytonutrients selectively stimulate
the growth/activity of beneficial bacteria. [18].

Table 1. Prebiotics as substrates for beneficial microbes: classification and support in gut health [Adapted from[27-
31].

Prebiotic Class Examples Gut Target & Mechanism Health Outcomes
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Prebiotic Class Examples Gut Target & Mechanism Health Outcomes

Fructans FOS, inulin 1 Bifido, Lacto; fermentation — Improve.d bowel function, lipid
SCFAs metabolism

Gglacto— . GOS Selectwe; Bifido growth; immune Enhanced IgA, gut barrier integrity

oligosaccharides modulation

Resistant  starch  &[|Resistant  starch, Produces butvrate. propionate Colonocyte nutrition, anti-

fibers pectin yrate, prop inflammatory effects

Polyphenol-based . Promote SCFAs, reduce||Metabolic, cardiovascular, cancer

.. Berries, tea, cocoa .
prebiotics pathogens risk benefits

Regular intake of prebiotic-rich foods like onions, garlic, bananas, chicory root, and oats has been shown to enrich
SCFA producers, increase fecal butyrate levels, reduce intestinal permeability ("leaky gut"), and improve glucose
metabolism [19]. Emerging research suggests that polyphenols and prebiotic fibers work synergistically. While
fibers directly feed microbes, polyphenols modulate microbial diversity and suppress pathogens. This dual action
can lead to an optimized microbiota profile favoring SCFA production [20]. Notably, diets high in plant diversity —
like the Mediterranean diet — support this synergy and are associated with greater microbial richness and reduced
risk of chronic disease[21]. Simultaneously, phytonutrients such as flavonoids, phenolic acids, stilbenes, and
carotenoids undergo extensive gut microbial biotransformation, generating low-molecular-weight metabolites with
enhanced bioactivity and systemic bioavailability.

These compounds exhibit hormetic effects — low-dose stimulation and high-dose inhibition — on redox signaling
pathways, notably Nuclear factor erythroid 2-related factor 2/ ARE : Antioxidant response element (Nrf2/ARE),
Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), and Mitogen-activated protein kinase
(MAPK), contributing to antioxidative, anti-inflammatory, and anti-proliferative outcomes [22, 23] . Prebiotics
selectively enrich commensal taxa such as Bifidobacterium and Lactobacillus by creation a metabolically favorable
environment for probiotic colonization and activity [18, 24]. Probiotics, when ingested in adequate amounts, confer
benefits via competitive exclusion of pathogens, enhancement of tight junction protein expression (e.g., claudins,
occludin), modulation of dendritic cell function and regulatory T cell (Treg) to T helper 17 cell (Treg/Th17) balance
[25, 26].

Probiotics: Live Microorganisms:

Defined by Food and Agriculture Organization of the United Nations (FAO) and World Health Organization (WHO)
as live strains conferring health benefits, probiotics predominant genera comprise Lactobacillus, Bifidobacterium,
Saccharomyces, plus emerging psychobiotic strains [18]. Live microbial supplements enhance barrier integrity and
produce metabolites, including SCFAs, which function as postbiotics and modulate immune responses and
metabolic signaling[26, 29-35].Their mechanisms of action include colonization resistance by modulating the
composition of the local microbiota, immune modulation through the enhancement of Tregs, immunoglobulin A
(IgA) production, and antimicrobial peptides. Additionally, they exert metabolic effects such as lowering cholesterol
levels and increasing the production of short-chain fatty acids (SCFAs). These agents may also contribute to mood
improvement and support intestinal barrier function by upregulating tight junction proteins.

Postbiotics: Inactive Microbial Products

Defined as metabolites or inactivated microbial cells conferring health benefits without live organisms, postbiotics
include SCFAs, bacteriocins, enzymes, and cell wall fragments. Their benefits include immune regulation through
modulation of TLRs, which helps maintain immune balance. They also support the integrity of the intestinal barrier
by stimulating the production of tight junction proteins. In addition, they exhibit anti-inflammatory and metabolic
effects, which have been demonstrated in conditions such as chronic diseases, diabetes, and metabolic syndrome
[31,36, 37].
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Integrative Concept: Synbiotics and Phytonutrient Interplay
Recent integrative research highlights how phytonutrients, pre-, pro-, and postbiotics synergistically contribute to
human health via modulating microbiota, immune response, and metabolic function (Table 2).
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Table 2. Biotic types, key components, and effects on gut and immune health (Data synthesized from 18, 29-31]

Biotic Type |Definition Key Components |Mechanisms & Effects Research Status
. Non-digestible FOS, GOS, inulin,||t SCFAs, gut barrier, immune||High-level human

Prebiotics : ;
substrates RS modulation evidence

Probiotics LI.V ¢ beneficial Lacto, Bifido, etc. Competltlon Wltl.l pathogens, Robust clinical trials
microbes cytokine modulation

Synbiotics Combo . of] e.2, LGG + FOS .Synerg¥st1c effects on SCFA, Emergmg, moderate
pre+probiotics immunity evidence

Postbiotics Inactive SCFAs, Barrier support, inflammation||Rapidly growing
cells/metabolites bacteriocins, lysates |[reduction human/animal studies

Phytonutrients||Plant-derived Polyphenols, Microbiota support,||Strong  epidemiological
bioactives carotenoids antioxidant support

Central to this is the production of bioactive metabolites (e.g., SCFAs), enhancement of gut barrier integrity, and
systemic effects including anti-inflammatory, anticancer, and metabolic benefits. Phytonutrients act as prebiotic-like
compounds, supporting microbial metabolism and postbiotic generation., synbiotics combine pro- and prebiotics for
synergistic effects.

Multi-Modal Modulation:

Interventional studies combining probiotics and their metabolic outputs (postbiotics) have demonstrated improved
metabolic profiles — such as lipid buffering and insulin sensitivity—via SCFA-mediated pathways[38]. Postbiotics,
including microbial-derived peptides, exopolysaccharides, cell wall components, and metabolites such as indole-3-
propionic acid (IPA) and bacteriocins, offer health benefits independent of viable cell presence [39]. These agents
engage TLRs and NLRs, promoting mucosal immuno-homeostasis without the risks associated with live microbial
administration — particularly advantageous in immunocompromised populations [40]. Collectively, this quartet of
biofunctional agents acts in concert to reprogram microbial consortia via selective pressure and metabolic cross-
feeding, and strengthen epithelial integrity through zonulin regulation and SCFA-mediated trophic effects, modulate
systemic inflammation by influencing cytokine networks (e.g., IL-10, IL-6, TNF-a). Additionally, it impacts
metabolic health through AMPK, PPAR-y, and insulin signaling pathways [41-43], potentially interact with the gut—
brain axis via neuroactive metabolites (e.g., GABA, serotonin precursors, tryptophan derivatives). These
mechanistic insights position the combined use of phytonutrients, pre-, pro-, and postbiotics as a precision nutrition
strategy, capable of preventing or mitigating chronic inflammatory diseases, metabolic syndrome, colorectal
carcinogenesis, and neurodegenerative disorders. Integrative use in synbiotic or designer-food formats represents a
frontier in personalized therapeutic nutrition and microbiome-targeted interventions.

Clinical & Translational Insights

Emerging research highlights the potential of symbiotics, synbiotics, and postbiotics in managing various health
conditions. In gastrointestinal disorders such as irritable bowel syndrome (IBS) and inflammatory bowel disease
(IBD), these agents have shown promise by improving altered microbiota composition [44-46].
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In metabolic disorders including diabetes and obesity, benefits are mediated through the production of SCFAs and
the regulation of metabolic hormones, contributing to improved insulin sensitivity and energy balance.Their role in
immune and viral health is also gaining attention, with evidence suggesting that microbiome modulation may serve
as an effective adjuvant strategy during viral infections, including COVID-19.

In the field of mental health, "psychobiotics" are showing potential for mood enhancement and cognitive
improvement through the gut-brain axis, offering a novel approach to managing anxiety and depression.Probiotics
are generally well tolerated, though there is a rare risk of infection in immunocompromised individuals. In contrast,
postbiotics present a safer alternative as they do not require viability to exert health benefits, eliminating concerns
related to bacterial overgrowth or translocation.

Looking forward, future research should focus on elucidating precise host—microbe interactions using omics-based
tools, optimizing delivery systems for enhanced bioavailability, and conducting large-scale clinical trials to validate
efficacy and safety. The integration of biotics into therapeutic and preventive healthcare strategies marks a
significant step toward personalized medicine and sustainable, nutrition-based disease management. Therefore,
future research is expected to focus on several key areas:

1. Mechanistic understanding through functional genomics and metabolomics to identify the precise host
pathways influenced by biotics.

2. Precision nutrition, involving the development of personalized biotic formulations tailored to an individual’s
microbiome and genetic makeup.

3. Novel delivery systems such as nanotechnology and encapsulation methods to improve the stability and
bioavailability of phytonutrients and biotic compounds.

4. Regulatory clarity, including the standardization of postbiotic definitions, optimal dosage guidelines, long-
term safety assessments, and more robust clinical evidence for the efficacy of synbiotics.

Conclusion:-

A holistic strategy integrates dietary phytonutrients, targeted pre- and probiotics, synbiotic formulations, and
postbiotic compounds to optimize microbiome-mediated health. The growing body of evidence supporting the
health-promoting effects of phytonutrients, prebiotics, probiotics, and postbiotics underscores their significance as
key modulators of the gut-microbiota—immune—metabolic axis. These bioactive agents do not act in isolation but
engage in dynamic interactions that influence microbial composition, gut barrier function, immune signaling, and
systemic metabolism. Synbiotic and postbiotic formulations represent a promising frontier for precision nutrition,
where specific combinations of biotics can be tailored to individual microbiome profiles and health needs.

Abbreviations:

SCFA - short-chain fatty acids

FOS - fructooligosaccharides

GOS - galactooligosaccharides

TLRs - Toll-like receptors

NLRs - Nod-like receptors (also called Nucleotide-binding oligomerization domain-like receptors)
IL- interleukins

TNF-a - tumor necrosis factor

AMPK - cAMP-activated protein kinase

PPAR-y - Peroxisome proliferator-activated receptor gamma

IBD - inflammatory bowel disease

HDAC:s - histone deacetylases

GPR - G-protein—coupled receptors

Nrf2/ARE - Nuclear factor erythroid 2—related factor 2

ARE - Antioxidant response element

NF-«B - Nuclear factor kappa-light-chain-enhancer of activated B cells
MAPK - Mitogen-activated protein kinase

Treg - regulatory T cell

Th17 T helper 17 cell
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FAO - Food and Agriculture Organization of the United Nations WHO - World Health Organization
IgA - immunoglobulin A

IPA - indole-3-propionic acid

IBS - irritable bowel syndrome
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