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Abstract

The gut microbiota (GM) has become a key mediator of host health, with dietary ma-
nipulations promising ways of modulating the microbiome. This review focuses on the
role of dairy bioactive (DB) compounds as precision modulators of intestinal microecol-
ogy, including the whey proteins (WPs), including lactoferrin (LF), α-lactalbumin (LA),
β-lactoglobulin, lysozyme (LZ), lactoperoxidase, glycomacropeptide (GMP), milk oligosac-
charides (MOs), and bioactive peptides (BPs). This review compiles the existing evidence
illustrating their dual-action mechanism through direct prebiotic activity and the promo-
tion of beneficial taxa (Bifidobacterium, Lactobacillus, Faecalibacterium), along with selective
antimicrobial activity and pathogen suppression. These compounds improve intestinal
barrier integrity through tight junction (TJ) protein regulation, regulating short-chain
fatty acid production, and modulating immune signaling pathways. Clinical evidence
shows significant benefits in metabolism and inflammation among various populations.
However, individual responses vary according to host factors such as enterotypes, FUT2
genotype, and baseline microbiota composition, suggesting the need for personalized
intervention strategies. This review addresses critical knowledge gaps in dose–response
relationships, long-term efficacy, and mechanistic pathways and suggests future direc-
tions for precision nutrition. By modifying molecular mechanisms in clinical applications,
we have identified DB compounds as promising candidates for targeted modulation of
the microbiota to optimize health and disease management. The review also brings to-
gether molecular mechanistic and clinically implementable, personalized dietary strategies,
which have not been fully captured by previous reviews. It pinpoints gaps in knowledge
related to dose–response characterization, long-term trial design, and multi-omics strat-
ification that collectively define a new precision nutrition framework. In this approach,
dairy-based intervention is planned for each person based on their microbial, genetic, and
metabolic characteristics.
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1. Introduction
1.1. Gut Microbiota and Paradigm of Health

The GM is the complex community of Archaea, Bacteria, Eukarya, and viruses
that live in the gastrointestinal tract in an intimate unit between the host and the mi-
crobes, called the holobiont [1,2]. With over 1000 bacterial species encoding around
100-fold more genes than the human genome, it has remarkable metabolic and functional
capacity [3,4]. Among the prevalent bacterial phyla, Bacillota and Bacteroidota [5,6]
comprise more than 90% of the intestinal microbial community combined [7], and their
ratio is a key marker for intestinal homeostasis [1]. The microbiota performs indis-
pensable structural, protective, neurological, and metabolic roles that together form
the basis of host health [1,3]. Its composition is actively influenced by dietary habits,
age, antibiotic use, host genetics, geographic location, and environmental stress [1,8].
There is strong evidence of a correlation linking gut dysbiosis with reduced microbial
diversity and a disruption in the balance of microbial communities, and inflammatory
and metabolic disorders, including obesity and type 2 diabetes mellitus (T2DM) [1,9,10].
Beyond metabolic disease, dysbiosis plays a part in colorectal carcinogenesis, as well
as in neuropsychiatric diseases such as Alzheimer’s disease and major depression, via
the impairment of homeostasis of the gut–brain axis [1,9,11,12]. Pathological states, in
turn, perpetuate dysbiosis, developing a self-amplifying cycle of deteriorating disease
outcomes and diminished therapeutic responses [1,10,13]. These two-way relationships
have established the GM at the forefront of the modern research into chronic disease
prevention and management [9,14]. Among all the dietary matrices, dairy products have
a privileged position as precision modulators of GM, as they have a uniquely complex
bioactive architecture, which is the conceptual foundation for this review.

1.2. Dairy Products as Functional Modulators

Milk and its products are an exceptionally rich matrix of bioactive compounds, and
they include WP (LF, α-LA, LZ, and lactoperoxidase), caseins (CN), and their BP derivatives,
GMP, and MOs [1,15]. These molecules exhibit collective antimicrobial, immunomodu-
latory, anti-inflammatory, and antitumorigenic characteristics, making dairy products
functional foods with wide therapeutic potential [1,16,17]. The prebiotic action of MOs and
WP selectively stimulates the growth of the beneficial genera, especially Bifidobacterium
and Lactobacillus, with the aim of restoration of health-promoting GM in both infants and
adults [1,18]. Fermented dairy products, including but not limited to yogurt, kefir, and
other cultured milk beverages [19], further provide live probiotic strains together with
fermentation-derived postbiotics (compounds that stimulate the growth of other types
of butyrate- and propionate-producing flora) [20], including short-chain fatty acids (SC-
FAs), BPs, exopolysaccharides (EPSs), and bacteriocins (Bac) [20,21]. SCFAs interact with
G-protein-coupled receptors (GPCRs), increase expression of tight junction proteins (ZO-1,
occludin), and activate the immune system via TLR2/4 signaling pathways [9,22,23], pro-
moting the integrity of the epithelial barrier and reducing intestinal inflammation [20,23,24].
At the molecular level, milk-derived β-CN peptides fine-tune the activity of macrophages
through crosstalk between TLR, NF-kB, and MAPK signaling pathways that provide a
mechanistic basis of dairy-mediated immunomodulation [25–27]. Food-derived BPs have
the benefits of low toxicity, high biocompatibility, and various physiological activities when
compared to synthetic therapeutic agents [27–30]. Meta-analyses of clinical interventions
corroborate the results of regular yogurt or kefir intake, showing significant decreases in
fasting glucose, low-density lipoprotein (LDL) cholesterol, and systemic C-reactive protein
(CRP) in dysbiosis-associated conditions, with effect sizes dependent on strain composition,
dose, and host genotype [31–34].
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1.3. Precision Nutrition Framework and Objectives

Despite the compelling evidence for the DB components as GM modulators, three
critical knowledge gaps remain, including dose–response characterization, long-term
clinical efficacy, and elucidation of the mechanism’s pathway [9,35,36]. Most clinical
trials are still of short duration, of four to twelve weeks, limiting understanding of the
strength of the microbial changes and consequent immunometabolic effects [9]. Fur-
thermore, host-specific determinants, such as baseline enterotype classification, FUT2
secretor genotype, and individual metabolic phenotype [9,37], present significant in-
terindividual variability that cannot be adequately covered by recommendations at the
population level [9]. The precision nutrition paradigm directly tackles this challenge
by linking multi-omics data, i.e., metagenomics, metabolomics, and transcriptomics,
with host genetic profiling to tailor dietary interventions to the individual microbiome
ecosystems [35,38,39]. This framework allows predicting microbiota biomarkers to
be identified, intervention responders from non-responders to be separated, and spe-
cific dairy-based formulations to be rationally designed for specific immunometabolic
outcomes [9,35]. This review addresses critical knowledge gaps in dose–response rela-
tionships, long-term efficacy, and mechanistic pathways and suggests future directions
for precision nutrition. By modifying molecular mechanisms in clinical applications,
we have identified DB compounds as promising candidates for targeted modulation of
the microbiota to optimize health and disease management. These concepts underpin
a precision nutrition approach where DBs shape the GM via prebiotic, antimicrobial,
barrier-enhancing, and immunometabolic mechanisms, and have varying effects depend-
ing on individual host characteristics, including enterotype, FUT2 genotype, baseline
microbiota composition, gastrointestinal transit, and luminal pH (Figure 1).
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Figure 1. Conceptual framework illustrating dairy bioactive compounds as precision modulators
of gut microbiota for personalized immunometabolic health. Dashed bidirectional arrow (←→)
between the gut ecosystem hub and host-specific factors reflects the reciprocal interaction between
microbiota state and host determinants. LF, lactoferrin; α-LA, α-lactalbumin; LZ, lysozyme; GMP,
glycomacropeptide; β-LG, β-lactoglobulin; HMOs, human milk oligosaccharides; BPs, bioactive
peptides; LGG, Lactobacillus rhamnosus GG; BB-12, Bifidobacterium animalis subsp. lactis BB-12; IPP/VPP,
Ile-Pro-Pro/Val-Pro-Pro; TJ, tight junction; TLR, toll-like receptor; NF-κB, nuclear factor kappa B;
SCFAs, short-chain fatty acids; FUT2, fucosyltransferase 2; ML, machine learning.
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2. Dairy Bioactive Compounds Classification and Sources
2.1. Whey Protein Fractions

Milk contains two main classes of proteins, which are CNs (around 80%) and WPs
(around 20%), the latter of which is released in the soluble fraction after the coagulation
of CNs [1,21]. Human WPs are composed of α-LA, LF, LZ, lactoperoxidase, GMP, im-
munoglobulins, and serum albumin (SA), while the bovine whey contains β-lactoglobulin
and lower levels of α-LA [1,40]. These proteins collectively have antioxidant, anticancer, an-
timicrobial, anti-inflammatory, and immunomodulatory activities, with increasing evidence
implicating these proteins in the modulation of the GM in both infants and adults [1,17,41].
LF, an 80 kDa iron-binding glycoprotein belonging to the superfamily of transferrins, is
especially specific to colostrum and has dual direct and indirect prebiotic effects, i.e., it
delivers β-N-glycans and iron for the growth of Bifidobacterium [42,43]. Meanwhile, iron
sequestration function inhibits the growth of selectively (iron-independent probiotics, such
as Lactobacillus and Bifidobacterium) [44–46]. α-LA is a 14 kDa globular protein that consti-
tutes around 35% of human and 17% of bovine WPs [1,47,48]. LZ is a 14.4 kDa antibacterial
enzyme that is particularly concentrated in human colostrum (0.2–0.9 g/L) [49,50]. These
proteins selectively inhibit enteric pathogens and selectively spare probiotic strains of
bifidobacteria by non-enzymatic mechanisms [1,15]. GMP, a 64-amino acid-long glycosy-
lated peptide obtained by the cheese-making process from k-CN, contains sialic acid-rich
oligosaccharide chains [51] that are responsible for high bifidogenic prebiotic properties,
promoting the growth of Bifidobacterium infantis, B. breve, and B. bifidum [52,53].

2.2. Milk Oligosaccharides

MOs are a structurally diverse family of non-digestible carbohydrates assembled
from five basic sugar residues of glucose, galactose, N-acetylglucosamine, fucose, and
sialic acid, with various degrees of polymerization [54,55]. They are grouped in three
structural classes: fucosylated (Fuc), non-Fuc neutral, and sialylated oligosaccharides [56].
Human milk (HM) has about 20-fold higher concentrations of oligosaccharides than bovine
milk (BM), with Fuc and neutral oligosaccharides dominating in HM [57,58], whereas
they are dominated by sialylated oligosaccharides in BM [57,59]. More than 200 different
human MO structures have been identified, making them the third most abundant solid
component of HM [60,61]. MOs have a prebiotic activity through two complementary
and mutually reinforcing mechanisms. First of all, they are selectively fermented by Bifi-
dobacterium strains, with examples including B. infantis, B. breve, and B. bifidum [62], and
some strains of Lactobacillus, promoting bifidogenic changes in the microbiota composi-
tion [63,64]. Second, Fuc MO classes function as free receptor analogs that competitively
block epithelial attachment by enteric pathogens [65] such as Vibrio cholerae, Salmonella
fyris, Campylobacter jejuni, Clostridioides difficile, as well as Escherichia coli strains [66,67].
Through Bifidobacterium-mediated fermentation, MOs promote the stimulation of SCFA,
especially butyrate production [1], as well as the functioning of the mucosal barrier of the
gut, as well as the production of neuroactive metabolites, like for example the production
of indole-3-lactic acid [68,69] or the neurotransmitter gamma-aminobutyric acid (GABA),
linking the intake of oligosaccharides to the homeostasis of the gut–brain axis [1,70].

2.3. Bioactive Peptides and Probiotics

Dairy BPs are encrypted in the sequences of the milk proteins (mainly CNs and WPs)
and released through the processes of enzymatic hydrolysis, gastrointestinal digestion, or
microbial fermentation [21,71]. Food-derived BPs have a special therapeutic appeal because
of their low toxicity, high biocompatibility, and a wide variety of physiological activities
compared to synthetic drugs [28,72,73]. Among the most studied are IPP (Ile-Pro-Pro) in
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addition to VPP (Val-Pro-Pro) tripeptides released from β-CN and κ-CN by lactic acid
bacteria (LAB) that inhibit angiotensin-converting enzyme (ACE) potently at millimolar
concentrations, and result in clinically significant reductions in blood pressure [74–76].
The bovine β-CN-derived peptide YPFPGPIH is an emerging candidate with multifaceted
immunomodulation of macrophages via crosstalk between TLR2/4, NF-kB, and MAPK
signaling pathways at concentrations as low as 25–100 µM [27]. Probiotics in fermented
dairy matrices or delivery forms, examples including Lacticaseibacillus rhamnosus GG (LGG),
Bifidobacterium animalis subsp. lactis BB-12, as well as Streptococcus thermophilus, are another
major bioactive type [3,25,77]. Fermented dairy matrices are protective vehicles buffering
gastric acid, a source of prebiotic substrate that improves the engraftment of probiotics, and
a source of CNs and WPs, as well as calcium and phospholipids, that allow maintenance
of viability and mucosal colonization of probiotics [3,9]. Probiotic strains can be in the
gut for days to weeks at a time, producing the postbiotic metabolites SCFAs, EPSs, and
bacteriocins, all of which increase the expression of tight junction proteins (ZO-1, occludin)
and modulate TLR2/4-mediated immune signaling [78–80]. The synergistic effect of
peptides, oligosaccharides, and live probiotics through the dairy matrix forms a multi-target
bioactive system, which is uniquely suited for precision modulation of the GM [1,9,81]. A
structured summary table of the principal DB compounds, structural features, and major
GM modulation mechanisms is shown in Table 1.

Table 1. Classification, structural features, and gut microbiota modulation mechanisms of key dairy
bioactive compounds.

Compound Structural Features Primary GM Modulation
Mechanism

Key Microbial Taxa
Affected

Selected
References

Lactoferrin (LF)

80 kDa iron-binding
glycoprotein; transferrin
superfamily; enriched in

colostrum.

Bifidogenic via β-N-glycan and
iron delivery; iron sequestration

to starve pathogens; LPS
neutralization via positively
charged N-terminal domain.

↑ Bifidobacterium, ↑
Lactobacillus; ↓ E. coli, ↓

Staphylococcus aureus
[42–44,82]

α-Lactalbumin
(α-LA)

14 kDa globular protein;
~35% of human WP; ~17%

of bovine WP.

Hydrolysates enhance
SCFA-producing taxa; reduce
pathobiont-associated genera;

demonstrated in hyperuricaemic
mouse models.

↑ SCFA-producing
bacteria; ↓ pathobionts [47,83]

Lysozyme (LZ)
14.4 kDa antibacterial

enzyme; 0.2–0.9 g/L in
human colostrum.

Bacteriolysis via β-1,4-glycosidic
bond cleavage in peptidoglycan;

non-enzymatic membrane
disruption; Bifidobacterium

spared via surface layer
resistance mechanisms.

Bifidobacterium spared;
↓ Gram-positive

pathogens
[49,84–86]

Glcomacropeptide
(GMP)

64-amino acid glycosylated
peptide from κ-CN; sialic
acid-rich oligosaccharide

chains.

Selective bifidogenic stimulation
via sialic acid; reduces fecal
Enterobacterales and coliforms

in vivo.

↑ B. infantis, B. breve, B.
bifidum; ↓

Enterobacterales,
coliforms

[52,53,87]

Human milk
oligosaccharides

(HMOs)

>200 structurally distinct
compounds; third most

abundant solid in human
milk; 3 classes: fucosylated,

neutral, sialylated.

Selective fermentation by
Bifidobacterium via unique

glycoside hydrolase repertoire;
anti-adhesion receptor decoys
for enteric pathogens; SCFA

production via cross-feeding.

↑ B. infantis, B. breve, B.
bifidum, Lactobacillus; ↓

V. cholerae, Salmonella, C.
difficile, E. coli

[60,62,65,66]

Bovine milk
oligosaccharides

(BMOs)

Dominated by sialylated
oligosaccharides; 20-fold
lower concentration than

HMOs.

Prebiotic modulation distinct
from HMOs; sialylated BMOs

fermented by specific
Bifidobacterium subpopulations.

↑ Bifidobacterium
(sialylated-BMO-
utilizing strains)

[57,59]
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Table 1. Cont.

Compound Structural Features Primary GM Modulation
Mechanism

Key Microbial Taxa
Affected

Selected
References

Bioactive peptides
(BPs): IPP/VPP

Tripeptides (Ile-Pro-Pro,
Val-Pro-Pro) from β-CN

and κ-CN; released by LAB
fermentation.

ACE inhibition at millimolar
concentrations; blood pressure

reduction.
Indirectly specified [74,75]

β-CN peptide
YPFPGPIH

Bovine β-CN derived;
active at 25–100 µM.

Macrophage reprogramming via
TLR2/4–NF-κB–MAPK

crosstalk; ↑ IL-10, ↓ IL-1β, ↓
TNF-α; suppresses iNOS/NO

overproduction.

Indirect: Macrophage
polarization

modulating mucosal
immune environment

[27]

Probiotics: LGG,
BB-12, S.

thermophilus

Live microbial strains;
fermented dairy matrix

provides gastric acid
buffering and prebiotic

substrate.

Tight junction upregulation
(ZO-1, occludin) via

p40/p75/EGFR–Akt and
HM0539/TLR4–MyD88–NF-κB

pathways; Bac production;
colonization resistance via niche

pre-emption.

↑ Beneficial
commensals; ↓ E. coli,
Salmonella, C. difficile

[9,88–92]

WP, whey protein; CN, casein; GM, gut microbiota; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide;
SCFA, short-chain fatty acid; NF-κB, nuclear factor kappa B; ACE, angiotensin-converting enzyme; IL, interleukin;
LAB, lactic acid bacteria; LGG, Lactobacillus rhamnosus GG; BB-12, Bifidobacterium animalis subsp. lactis BB-12; TLR,
toll-like receptor; MAPK, mitogen-activated protein kinase; TNF-α, tumor necrosis factor-alpha; Bac, bacteriocin;
↑, increase; ↓, decrease.

3. Molecular Mechanisms of Microbiota Modulation
3.1. Prebiotic Effects and Selective Fermentation

DB compounds affect GM by two mechanistically distinct prebiotic pathways: direct
selective provision of substrates and indirect reshaping of the environment [1,9]. MOs
are paradigmatic direct prebiotics; they make it intact into the colon and are selectively
fermented by specific strains of Bifidobacterium bacteria, mainly B. infantis, B. breve, and
B. bifidum [93], due to their unique repertoire of glycoside hydrolases and carbohydrate-
binding molecules [94,95]. Structural variation among the MO classes determines their
substrate specificity: Fuc oligosaccharides (e.g., 2’-O-fucosyllactose) are preferentially con-
sumed by B. infantis [96] and sialylated species by different subpopulations of bifidobacteria,
thus determining community composition with molecular precision [1,91,97]. WPs support
in a parallel way: the LF is responsible for the supply of β-N-glycans that stimulate the
growth of bifidobacteria and, separately, the iron to support the proliferation of B. breve by
its holo form [1,44,98,99]. LF’s prebiotic activity goes as far as the transcriptional level; LGG
treatment with bovine LF (1 mg/mL) was found to increase expression of genes involved
with ABC transporter permeases, amino acid synthesis, DNA replication, and peptidogly-
can biosynthesis [1,100]. While it was also found to downregulate the expression of genes
involved with purine and pyrimidine catabolism pathways, revealing a genome-wide
metabolic reprogramming of probiotic activity [1,100]. GMP has prebiotic effects by means
of its sialic acid-rich oligosaccharide chains that selectively stimulate B. infantis, B. breve, and
B. bifidum [101]. Moreover, another recent in vivo study in mice showed simultaneous in-
creases in Lactobacillus and Bifidobacterium and significant decreases in fecal Enterobacterales
and coliforms [1,87]. α-LA hydrolysates enhance SCFA-producing bacterial taxa, reducing
pathobiont-associated genera, as shown in hyperuricemic mice [83], linking the prebiotics,
or health effects, of WPs to downstream metabolite effects [1,102]. The fermentation activity
of dairy-associated strains, including Lactobacillus, Bifidobacterium, and Streptococcus, was
found to produce millimolar concentrations of acetate, propionate, and butyrate [9,103,104].
SCFAs activate G-protein-coupled receptors FFAR2 and FFAR3, inducing upregulation of
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TJ proteins (ZO-1, occludin), mucus secretion, and TLR2/4 immune signaling—all con-
tributing to tight mucosal epithelial barriers [9,105,106]. Propionate, through the FFAR3
receptor on immune cells, specifically inhibits IL-6 and TNF-α secretion, providing targeted
anti-inflammatory protection [107–109]. There is clinical support for these mechanisms in
28 patients with IBS who were administered Bifidobacterium-containing fermented dairy
products daily; the fecal SCFA production and butyrate increased significantly after 11 days
in conjunction with a decrease in a specific type of pathobiont called Bilophila wadsworthia
and improvement in IBS symptoms [110]. These prebiotic and fermentative mechanisms are
not independent but interact with one another in such a way that enables the enrichment of
beneficial taxa [111]. Moreover, their SCFA products amplify concurrently the antimicrobial
effects and interactions (cross-feeding) described in the subsequent sections, indicating a
modulatory network rather than a collection of independent effects [112].

3.2. Antimicrobial Activities and Pathogens Suppression

DB compounds inhibit pathogens in the gut by overlapping direct and indirect
molecular mechanisms that re-establish colonization resistance [9,113]. LF deploys two
complementary antimicrobial pathways: iron sequestration that starves iron-dependent
pathogens such as E. coli and Staphylococcus aureus [114]. Furthermore, it shows bacteri-
cidal activity from binding and neutralization of anionic bacterial surface constituents,
e.g., lipopolysaccharide (LPS), through its very positively charged N-terminal do-
main [82,115]. This neutralization of LPS suppresses the TLR4 signaling pathway and
the downstream NF-kB/MAPK/Nrf2 activation pathway to restrict the systemic endotox-
emia and intestinal inflammatory pathways [116,117]. Its derivative Lactoferricin further
interferes with the cell membrane integrity of pathogens by pore formation, expanding the
antimicrobial spectrum [118,119]. LZ has a bacteriolytic action due to a breakage of the
β-1,4-glycosidic bond between N-acetylmuramic acid and N-acetylglucosamine in peptido-
glycan [84,120]. This is leading to rapid lysis of Gram-positive pathogens [85], whereas its
non-enzymatic membrane-disrupting activity gives this molecule a partial activity against
Gram-negative organisms [85,120]. Crucially, probiotic strains of the genus Bifidobacterium
have evolved mechanisms to resist killing by LZs (mainly surface layer modifications) [86],
so that the beneficial microbiota are spared, but the pathogens are suppressed [121,122].
LAB, which resides in the fermented dairy matrices, and Lactobacillus, Bifidobacterium, and
Streptococcus species add another layer by producing narrow- to broad-spectrum bacteri-
ocins [91,92]. Nisin of Lactococcus lactis provides lethal membrane pores and 8 log units
reduction in the counts of E. coli O157:H7 in ripened cheddar in 60 days [123–125]. Limosi-
lactobacillus reuteri produced reuterin, which interferes with quorum-sensing-dependent
biofilm formation of Salmonella spp. [126], whereas glycoproteins and peptides from Lac-
ticaseibacillus casei Shirota interfere with C. difficile biofilms by more than 60% in colonic
mucus models [127]. At the ecological level, the probiotic strains (e.g., Lactobacillus and
Bifidobacterium) outcompete E. coli and Salmonella for host-derived glycans and dietary
fibers and occupy mucin receptors (MUC2) and epithelial niches, creating colonization
resistance through niche pre-emption [127]. Collectively, these mechanisms are synergistic:
in murine models of colitis, administration of Li. reuteri KUB-AC5, combined with the
effects of ecological exclusion, resulted in significant attenuation of Salmonella-induced in-
flammation and pathogen burden [128]. In another clinical study, the daily consumption of
kefir of 300 mL/day resulted in 40% decreased levels of fecal E. coli and serum levels of the
protein Zonulin (by 18%) in IBS patients, quantitatively linking antimicrobial mechanisms
to quantifiable improvements in gut barrier integrity [129]. These antimicrobial properties
are in addition to the prebiotic effects of probiotics on beneficial colonizers (Section 3.1), as
the ecological dominance of the probiotics also limits the ability of pathogens to find niches
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for nutrition and adhesion, and the cross-feeding substrates of acetate and lactate provide
metabolic resilience at the community level (Section 3.3).

3.3. Microbial Cross-Feeding and Community Dynamics

Cross-feeding networks are at the heart of the community-level impact of DB com-
pounds and translate temporary microbial stimulation into long-lasting ecosystem restruc-
turing [3,130]. The main cross-feeding axis triggered by dairy prebiotics includes the
bifidogenic fermentation of MOs and glycans of WPs producing acetate and lactate [131].
These are, in turn, consumed by specialized anaerobes of the colon, i.e., Anaerostipes spp.,
Eubacterium hallii, and Coprococcus catus, which improve intermediates to butyrate via
butyryl-CoA: acetate CoA-transferase pathways [9,132]. In these lactate-utilizing bacte-
ria, lactic acid acts as an electron sink, facilitating NAD+ regeneration to maintain the
thermodynamics of fermentation and resulting in the metabolic exchange network [133].
Remaining lactose residues from dairy products fermentation reaching the colon contribute
extra substrate to fuel this cross-feeding cascade to boost total SCFA output beyond what
would be produced by direct fermentation alone [9,134]. The ecological consequences are
quantifiable. In professional female soccer players, a 28-day course of kefir (200 mL/day)
increased both Shannon and Chao1 diversity indices along with increases in the abundance
of Akkermansia muciniphila and Faecalibacterium prausnitzii, keystone butyrate producers
and mucosal barrier reinforcers [135]. This demonstrates that dairy intake restructures
community membership in functionally meaningful ways [136]. Similarly, the consumption
of kefir of 180 mL/day for twelve weeks by adults with metabolic syndrome increased the
relative abundance of Actinomycetota, suggesting phylum-level changes that were consistent
with re-established eubiotic balance [137]. Mutualistic inter-strain interactions within the
dairy matrix itself further enrich the community dynamics [138]. The well-characterized S.
thermophilus and Lactobacillus delbrueckii subsp. bulgaricus mutualism is a good example of
this type of interaction: L. delbrueckii subsp. bulgaricus is responsible for the hydrolysis of
CNs, which are digested to yield peptides and amino acids that feed S. thermophilus [139].
S. thermophilus, in return, supplies the host with formate and folate to stimulate the growth
of its partner and improve metabolite biosynthesis [140,141]. These inter-species metabolic
dependencies formed with engineering expand the spectrum of SCFA and strengthen
community resilience [142]. Supplementation of the microbiota of Crohn’s disease pa-
tients with butyrate-producing bacteria, including F. prausnitzii and six butyrate producers,
was found to increase the production of butyrate and restore epithelial barrier integrity
in vitro [23,143]. The results of this study offer direct causal evidence that butyrate pro-
duction by cross-feeding supports the intestinal barrier and inhibits pro-inflammatory
NF-kB signaling [144]. Collectively, the prebiotic enrichment of keystone taxa (Section 3.1),
the antimicrobial repression of competing pathogens (Section 3.2), and the cross-feeding
metabolic networks described here constitute a triad of mechanisms that form an integrated
architecture by which DB compounds enable lasting community-wide restructuring of the
GM across ecological, metabolic, and structural lines [1,3,9].

4. Intestinal Barrier and Immunometabolic Regulation
4.1. Barrier Fortification: Tight Junctions and Mucus Layer

The intestinal epithelial barrier (IEB) is a single-cell layer defense system that physically
separates luminal microbiota and antigens from the mucosal immune compartment [145,146].
Its integrity relies on the coordinated expression of tight junction (TJ) proteins—principally
ZO-1, occludin, and claudins, which seal the paracellular space and regulate the transep-
ithelial permeability [147,148]. DB compounds strengthen the integrity of the barriers by
direct protein-mediated and metabolite-mediated mechanisms [149,150]. LGG-derived
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soluble proteins p40 and p75 maintain the integrity of Caco-2 TJs under stress by cy-
tokines [9,90,151]. This is through the activation of the epidermal growth factor receptor
(EGFR)/Akt signaling pathway via the ERK1/2 and PKCb1 pathways, i.e., direct pre-
vention of the increase in paracellular permeability [152,153]. The LGG-secreted protein
HM0539 inhibits the TLR4/MyD88/NF-kB pathway in colonic tissues, which normally has
a pro-inflammatory mediator production that interferes with TJ assembly [88,89]. EPS of
LAB, fermented whey, and dairy-derived lactic acid also lead to enhanced expression of
ZO-1, occludin, and claudin-1 in colonic epithelial models, which can also restore the barrier
function during inflammatory challenge [9,154]. Kefir enriches Akkermansia muciniphila, a
mucin-degrader commensal whose colonization paradoxically thickens the mucus layer
and improves mucosal barrier function and reduces the permeability of the intestinal
barrier linking the community shifts mediated by dairy to structural reinforcement of the
barrier [129,135,155]. Fatty acids for fermented milk (using S. thermophilus, L. delbrueckii
subsp. bulgaricus, as well as Lactiplantibacillus plantarum A3) ameliorated DSS-induced
colitis in mice through affecting the abundance of Akkermansia and Lactobacillus, decreasing
the expression of IL-6, TNF-α, and inhibiting the phosphorylation of JNK in the mitogen-
activated protein kinase (MAPK) pathway [156]. Clinically, the improvements in the barrier
function seen with SCFA production are correlated with the 20–30% reduction in LPS levels
in the circulation in cohorts with metabolic dysfunction, which provides a quantitative
measurement of the barrier restoration [157,158].

4.2. Immune Cell Manipulation and Cytokine Networks

DB compounds have multiple interactions with the mucosal and systemic immune
systems by multi-target modulation of innate and adaptive immune cell populations [159].
The major sentinels of innate immunity, macrophages, are specifically reprogrammed by
milk-derived peptides [160]. The bovine β-CN peptide YPFPGPIH increased macrophage
proliferation and phagocytosis in a dose-dependent manner (25–100 uM) and chemotactic
migration by upregulation of monocyte chemoattractant proteins MCP-1 and MCP-3 [27].
Under LPS-stimulated inflammatory conditions, YPFPGPIH decreased IL-1β and TNF-α
production, and at the same time enhanced IL-10 production, thus restoring the homeostasis
of the cytokines [27,161]. Mechanistically, it suppressed NF-kB nuclear translocation
(reduced p65) and reduced phosphorylation of ERK, JNK, and p38, effectively suppressing
iNOS expression and nitric oxide overproduction [162,163]. This TLR2/4-mediated multi-
pathway suppression is evidence that milk peptides can fine-tune the polarization of
macrophages without inducing immunosuppression [27,164]. k-CN fragments produced
by S. thermophilus promote the secretion of IL-10 in dendritic cells, promoting regulatory
T-cell differentiation and reducing mucosal inflammatory responses [9]. The β-CN-derived
peptide BCCY-1 activates TLR4/NF-kB in order to promote IL-10, forming an autocrine
anti-inflammatory feedback loop [165]. At the adaptive immune level, Bifidobacterium-
mediated immune imprinting mediated by MO-induced bifidogenic shifts helps to reduce
allergy risk, asthma susceptibility, and systemic inflammatory conditions in infants based
on the modulation of the regulatory T-cell/effector T-cell balance [166]. A meta-analysis
of twelve RCTs (n = 684) found supplementation of T2DM patients with probiotic dairy
resulted in a decrease in CRP of 1.34 mg/L (1.76 to 0.92), proving the systemic anti-
inflammatory effects [167].

4.3. Short-Chain Fatty Acid-Mediated Immunometabolic Signaling

SCFAs, including acetate, propionate, and butyrate, produced during dairy fermen-
tation, are the main metabolic currency linking microbiota activity and systemic im-
munometabolism regulation (IM) [23,168]. Butyrate serves as a ligand for GPR41, while
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propionate serves for both GPR41 and GPR43 on epithelial and immune cells [112]. These
stimulate intracellular cascade signaling, which inhibits histone deacetylases (HDACs),
resulting in increased histone acetylation [169,170] and transcriptional activation of TJ-
encoding genes (ZO-1, occludin) [171]. Propionate acting through FFAR3 on circulating
immune cells has the specific effect of inhibiting the secretion of IL-6 and TNF-α, and this
provides targeted anti-inflammatory action at the periphery [22,23]. Butyrate-enriched
fermented milk also has additional anti-inflammatory properties that target colonic NF-kB
activation beyond single pathway activation [9,172]. On the metabolic side, the enrichment
of yogurt and kefir with conjugated linoleic acid was found to inhibit HMG-CoA reductase
and upregulate hepatic LDL receptors, reducing the circulating LDL cholesterol [173,174].
Kefir administration in mice fed with a high-fat diet decreased their body weight and
hepatic lesion scores and enhanced the fatty acid oxidation gene expression (PPARa) in
liver and adipose tissue [175]. In addition to decreasing the circulating IL-6 concentration,
links are made between dairy-derived SCFA signals and hepatic lipid homeostasis [176,177].
In controlled clinical trials, administration of 300 g/day probiotic yogurt (L. acidophilus La5
and B. animalis subsp. lactis Bb12) for 6 weeks reduced the LDL cholesterol level by 7.45%
and total cholesterol levels by 4.54%; these are dose-dependent glycemic and lipid bene-
fits [178]. Kefir consumption has a significant glycemic-lowering effect, such as 95 mg/dL
to 83 mg/dL in the fasting blood glucose levels in T2DM patients [179], and for its mech-
anism, the engagement of SCFA on GLP-1 secretion pathways is proposed [23,180,181].
These SCFA-mediated IM effects are dose- and strain-dependent, which not only highlights
the precision nutrition imperative of tailoring dairy formulations to individual metabolic
phenotypes [23].

4.4. Multi-Axis Communications (Gut–Brain, Gut–Liver)

DB compounds exert their IM effects in the extra-gut via bi-directional multi-organ
communication axes [182–185]. Along the gut–brain axis, the supplementation of kefir
increases the growth of fecal butyrate-producing taxa such as Lachnospiraceae and Lachno-
clostridium [186]. Moreover, it modulates the production of SCFA, in particular butyrate and
propionate, both in colon and brain tissue, leading to better outcomes in brain health [186].
In a mouse model of autism, reshaping the microbiota improved immune function and
diminished repetitive stereotyped behaviors, proving that there is a causal link between
the microbiota, immune system, and brain [187]. GABA-enriched fermented milks in-
crease circulating as well as brain concentrations of GABA, leading to improved mood
and cognition in aging rodents, through modulating PI3K/AKT/mTOR and GABAB-
cAMP-PKA-CREB signaling [9,188–190]. In another human study, the administration of
yogurt and cheese is associated with significantly reduced anxiety scores on the Spielberger
anxiety State-Trait Anxiety Inventory in university students [191]. This suggests transla-
tional evidence for the effects of dairy-derived bacterial activity in the production of the
neurotransmitter GABA [9,192]. Bifidobacterium-induced synthesis of indole-3-lactic acid
was found to involve the activation of aryl hydrocarbon receptor (AhR) [193], which is
the regulator of gut–brain axis homeostasis, intestinal immune response, and epithelial
integrity, and therefore connects MO fermentation to neuroimmune signaling [68,194].
Along the gut–liver axis, the dairy-derived SCFAs are delivered to the portal circulation
by the gut–portal route [195]. This is where they are used by the liver as a gluconeogenic
substrate (propionate) and as an activated receptor (PPARa) substrate to regulate hepatic
lipid oxidation [196,197], which leads to the reduction in ectopic fat accumulation [198].
Fermented milk peptides orally administered by aged mice, in particular, WY dipeptide
(10 mg/kg, 14 days), inhibit LPS-induced activation of hippocampal microglia and enhance
long-term potentiation (LTP), showing the cross-barrier effect of DB components against
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neuroinflammation [199]. DB compounds, besides being primarily considered as gut effec-
tors, are thus positioned as systemic IM modulators that make them especially attractive
candidates for precision interventions against neuro-metabolic comorbidities [182,200].

5. Precision Nutrition: Host-Specific Response
5.1. Enterotype and Genetic Determinants

Host enterotype and genetic background are shaped by various individuals’ re-
sponsiveness to the DB interventions, so population-level recommendations are inad-
equate [159,201]. Enterotypes, defined as different community-state types dominated by
Bacteroides, Prevotella, or Ruminococcus, impose tremendously different metabolic capacities
on the gut ecosystem [202]. This subsequently modulates the magnitude of dairy-induced
microbiota shifts [201,202]. Bacteroides-dominant enterotypes, for example, have been
associated with increased production of SCFA after consumption of kefir, reflecting the
role of community architecture in determining metabolic outcomes following identical
dietary inputs [203,204]. The FUT2 “secretor” genotype has been the most characteristic and
clinically described genetic determinant of response to probiotics [205]. Secretor status is
determined by one of its enzymes, functional α 1,2-fucosyltransferase 2 (FUT2), which con-
trols the expression of Fuc mucosal glycans, which act as substrates and adhesion receptors
for commensals [205]. FUT2 secretors have a significantly higher baseline Bifidobacterium
diversity and abundance, which results in a higher enrichment by fermented dairy in-
take [205]. On the other hand, FUT2 non-secretors (homozygous for inactivating alleles
such as rs601338 G428A) have much lower concentrations of Bifidobacterium spp., which
results in a compromised ability to ferment prebiotic oligosaccharides in dairy matrices
and lower SCFA production and support for the intestinal barrier [205,206]. Beyond FUT2,
more general host genetic variation contributes to the composition of the host microbiota
across taxa and associated phyla [207], as shown by genome-wide association studies that
relate host single-nucleotide polymorphisms to certain microbial phenotypes [208]. Gas-
trointestinal physiological features, transit time, luminal pH, and the mucosal glycosylation
patterns contribute to interindividual variability that interacts with the genetic background
to determine the probiotic colonization rate as well as metabolite patterns [9,209]. These
findings together define that profiling of the genetic and enterotype before intervention
is a prerequisite and not an optional refinement to design-efficacy dairy-based precision
nutrition strategies.

5.2. Baseline Microbiota as Response Predictor

Baseline GM composition has become the single most predictive factor in individ-
ual responsiveness to DB interventions and is more predictive than static genetic mark-
ers [9,210,211]. This is because the resident microbiota influences which substrates may
be fermented, which metabolic pathways are functionally active [212], and how much
ecological space is available for exogenous probiotic strains to occupy [213,214]. Probiotic
strains are individual-, site-, and strain-dependent in their colonization of the gut mucosa in
a highly personalized way, and are influenced by each individual’s pre-existing microbial
profile, not by fecal detection of ingested strains [211,215]. Post-antibiotic probiotic supple-
mentation failed to restore the microbiome in a global manner [216] but showed significant
host dependence, which directly showed the role of the baseline community state in gov-
erning the success of probiotic intervention [217,218]. Baseline microbiota profiling using
α-diversity measures and enterotype classification can be used to stratify responders and
non-responders to the intervention prior to the start of the intervention [210,215,219,220].
Recent trials have taken advantage of baseline functional gene clusters, specifically bile salt
hydrolase (BSH) loci, to predict the metabolic improvements from fermented milk, link-
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ing pre-intervention microbiome function to clinical outcomes [9,210]. Similarly, baseline
gut microbiome composition has been validated as a predictive biomarker for response
to probiotic adjuvant treatment for the management of gout, establishing the concept of
microbiome-stratified clinical trial design [211]. Intestinal physiological parameters, espe-
cially gastrointestinal transit time and colonic pH, have a major impact on the composition
and metabolite profiles of the microbiota between individuals [221]. Hence, add a dynamic
dimension of host-specific variation in addition to static baseline evaluations [221]. Of
particular note, there are studies analyzing yogurt consumption by 16S rRNA in addition
to the whole genome metagenomic data from the Twins UK cohort (n = 1004), which have
revealed that host and environmental factors, rather than the dairy intervention itself, were
the main drivers of variation in β-diversity [222]. This highlights the importance of taking
pre-existing community structure into account when designing and interpreting dairy
intervention studies [223,224]. The key host-specific determinants that shape individual
responsiveness to DB interventions are summarized in Table 2.

Table 2. Host-specific determinants of individual response to dairy bioactive interventions: Implica-
tions for precision nutrition.

Determinant Category Mechanistic Basis Consequence for Dairy
Bioactive Response Reference

Bacteroides-
dominant enterotype

Microbial community
architecture

Distinct
carbohydrate-fermentation

capacity and metabolic
output compared to

Prevotella or Ruminococcus
types.

↑ SCFAs production following
kefir consumption; community

architecture determines
metabolic magnitude of

dairy-induced shifts.

[202,203]

Prevotella-dominant
enterotype

Microbial community
architecture

Different substrate
utilization pathways and

immune modulation
capacity.

Divergent magnitude of
dairy-induced microbiota shifts

from Bacteroides-dominant
individuals exposed to identical

dietary inputs.

[201,202]

FUT2 secretor status
(functional α1,2-

fucosyltransferase)
Host genetics

Controls expression of
fucosylated mucosal
glycans that serve as

colonization substrates and
adhesion receptors for

commensals.

Higher baseline Bifidobacterium
diversity and abundance; greater
microbial enrichment following

fermented dairy or prebiotic
oligosaccharide intake.

[37,205]

FUT2 non-secretor
status (rs601338

G428A homozygous)
Host genetics

Inactivating alleles abolish
mucosal fucosylation,
removing commensal
attachment substrates.

Significantly lower
Bifidobacterium spp. abundance;
compromised oligosaccharide

fermentation; ↓ SCFAs
production; impaired intestinal

barrier support.

[205,206]

Baseline gut
microbiota

composition

Dynamic microbiome
state

Determines ecological
space available for

probiotic engraftment;
dictates which metabolic

pathways are functionally
active; governs community
resilience to perturbation.

Single most predictive factor of
individual

responsiveness—more
predictive than static genetic

markers; probiotic colonization
is highly personalized,

site-dependent, and
strain-dependent.

[210,211,215]
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Table 2. Cont.

Determinant Category Mechanistic Basis Consequence for Dairy
Bioactive Response Reference

Post-antibiotic
microbiome state

Baseline community
disruption

Collapsed diversity and
altered colonization

resistance limit ecological
scaffolding for probiotic
engraftment; autologous

FMT outperforms probiotic
supplementation in

restoration.

Post-antibiotic disruption
reduces ecological scaffolding
for probiotic engraftment and

makes restoration highly
host-dependent.

[216,217]

Bile salt hydrolase
(BSH) gene cluster

activity

Functional
microbiome capacity

Encodes metabolic
pathways predicting bile
acid transformation and

SCFAs biosynthesis
capacity; functional
blueprint beyond

taxonomic profiling.

Baseline BSH locus activity
predicts metabolic

improvements from fermented
milk consumption, linking

pre-intervention microbiome
function to clinical outcomes.

[210]

Host single
nucleotide

polymorphisms
(SNPs, GWAS)

Host genomics

Genome-wide associations
between host SNPs and

specific microbial taxa and
phenotypes.

Shapes community composition
across taxa and associated phyla;
genetic architecture of the host

co-determines microbiome
structure.

[207,208]

Gastrointestinal
transit time

Physiological
parameter

Modulates substrate
availability and residence

time for microbial
fermentation; shapes

microbial composition and
metabolite profiles.

Adds a dynamic dimension to
host-specific variation beyond

static baseline or genetic
evaluations; critical for

interpreting intervention
response variability.

[221]

Luminal colonic pH Physiological
parameter

Affects probiotic
colonization rate,

enzymatic fermentation
activity, and the balance of
acetogenic vs. butyrogenic

pathways.

Contributes to interindividual
variation in microbiota

composition and metabolite
profiles; interacts with genetic

background to modulate
probiotic colonization.

[209,221]

Mucosal
glycosylation

patterns

Physiological–
genetic interface

Provides substrates and
adhesion receptors for
commensal bacteria;

shaped by both FUT2
genotype and broader host

genetics.

Determines ecological niches for
commensals and probiotic

strains, contributing to
interindividual variation in
colonization and metabolite

patterns.

[205,209]

Pre-existing
community diversity

(α-diversity)

Microbiome
ecological state

High-diversity
communities provide
enhanced colonization

resistance; α-diversity at
baseline determines

ecological permissiveness
for exogenous strains.

Baseline α-diversity and
enterotype classification stratify
responders from non-responders

prior to intervention.

[215,219,220]

FUT2, fucosyltransferase 2; SNP, single nucleotide polymorphism; GWAS, genome-wide association study; BSH,
bile salt hydrolase; SCFAs, short-chain fatty acids; FMT, fecal microbiota transplantation.

5.3. Personalized Intervention Strategies

To translate the information on enterotypes and baseline microbiota into actionable
personalized dairy interventions, the use of an integrated framework spanning omics profil-
ing, technological innovation, and adaptive clinical design is needed [9,35,38]. Multi-omics
integration of metagenomics, metabolomics, host genomics, and transcriptomics enables
the identification of predictive microbiota biomarkers for stratifying responders and for the
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choices of the appropriate strains, as well as the dose and matrix composition for individual
host–microbe ecosystems [182,225,226]. Metagenomics provides taxonomic as well as func-
tional blueprints through the identification of species-specific gene clusters that encode the
biosynthesis pathways of SCFAs [182], while metabolomics quantifies the SCFA, bile acid,
and indole derivative outputs, which mediate cross-kingdom signaling [9,182]. Machine
learning frameworks such as random forest and mediation analysis are increasingly applied
to integrate these high-dimensional datasets, enabling prediction of personalized dairy
responses from baseline multi-omics profiles [227,228]. On the technological front, portable
nano-sequencers with nanopore cores and smartphone connectivity are now possible to
perform weekly home-based profiling of the gut microbiome, to support real-time adaptive
dietary changes [9]. Embedding specific probiotic strains into specific prebiotic matrices
layer-specifically through utilizing 3D printing of functional foods can also further pro-
mote targeted colonization and strain-specific metabolite generation [229]. The pairing
of transient starters (S. thermophilus) with persistent probiotics (LGG) in complex matri-
ces, such as kefir product, provides both immediate metabolic stimulation in addition to
enduring microbiota remodeling, and is a blueprint for temporally layered personalized
formulations [9,230]. Fermentation parameters such as pH, temperature, substrate ratios,
and processing conditions are modifiable levers that allow the optimization of peptide
yields and SCFA composition according to individual metabolic phenotypes [9,229]. By
combining the classification of the enterotype, the genotype, the baseline characterization
of the microbiome, and the design of a formulation using machine learning algorithms,
precision dairy nutrition can go a long way from population-wide recommendations to
truly individual-specific recommendations [9]. This can provide optimized gut ecosystem
modulation, improved therapeutic efficacy, and improved long-term immunometabolic
health outcomes [9,35,38]. To implement enterotype classification, FUT2 genotyping, and
baseline microbiome profiling in clinical practice, a stepwise, structured approach is needed.
Some individuals should be screened for enterotype and α-diversity via shotgun metage-
nomics [201], then screened for secretor phenotype via FUT2 genotyping, and finally
functional profiled for BSH gene cluster activity and SCFA biosynthesis capacity before
intervention [205]. FUT2 secretors with Bacteroides-dominant enterotypes were predicted
to be most responsive to oligosaccharide-enriched dairy matrices, while FUT2 non-secretors
or those with less diverse microbial communities respond to lactoferrin given at high doses
in synbiotic matrices [37,205,206]. People with post-antibiotic microbiome collapse may
need a restoration phase before standard probiotic dairy supplementation to get to a point
where there is enough mucosal engraftment [216,217]. These stratification variables then
could be combined within machine learning models with metabolomics-based SCFA pro-
files to rank order candidate dairy formulations and predict individual response, making
baseline biomarkers a dynamic tool to guide intervention, and bringing precision dairy
nutrition from theory to practice [35,227,228].

6. Clinical Evidence and Therapeutic Applications
6.1. Infants’ Nutrition and Development

The period from birth to 2.5 years is the most important time frame for the develop-
ment of GM, and the formation at this time has a lasting impact on immune programming
and metabolic health [1,3,231]. Breast milk provides the main orchestrator of this develop-
mental process, delivering a triad of bioactive modulators, HMOs, LF, and α-LA, which
subsequently influence the development of the neonatal microbiome [232,233]. Metage-
nomic studies have shown that breast-fed infants have a less diverse but functionally
better microbiota with health-promoting Bifidobacterium, Lactobacillus, and Staphylococcus,
as the predominant species, than formula-fed [234,235]. HMOs selectively enhance the
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colonization of the B. infantis, B. breve, Bifidobacterium longum, and B. bifidum that create a
so-called bifidogenic microbiota that is responsible for immune imprinting and protection
against risks of allergy and inflammatory diseases [236,237]. Bifidobacterium-mediated
fermentation of the HMOs also produces the neurotransmitters, GABA and indole-3-lactic
acid, which activate the aryl hydrocarbon receptor, to regulate early gut–brain axis home-
ostasis [193,238,239]. In randomized controlled clinical trials in very low birth weight
(VLBW) neonates, the supplementation of bovine LF (100 mg/day), alone or in combina-
tion with LGG (6 × 109 CFU/day), significantly reduced the incidence of late-onset sepsis
(a severe complication of prematurity) by reducing colonization by pathobionts [240,241].
Recombinant human LF (talactoferrin, TLf; 150 mg/kg/12 h for 28 days) in preterm infants
reduced the incidence of urinary tract infection and produced positive changes in the
fecal microbiome, such as decreases in the incidence of Gram-positive pathogenic bacte-
ria [241,242]. The addition of oligofructose at a concentration of 3.0 g/L to a milk protein
(α-LA-enriched infant formula) led to a significant increase in fecal bifidobacteria compared
to control formula [243]. This is demonstrating synergistic prebiotic effects of combined
WP and oligosaccharide supplementation [1]. These clinical findings collectively make
DB compounds an evidence-based candidate for neonatal microbiota programming and
infection prevention in early life.

6.2. Metabolic Disorders and Inflammation

Fermented dairy products have been shown to have strong clinical evidence for their
role in the management of T2DM, the metabolic syndrome, obesity, and systemic inflam-
mation [9,244]. A recent meta-analysis study of six RCTs (n = 323) showed a significant
decrease in fasting blood glucose (WMD = −10.28 mg/dL; 95% CI: −16.53 to −4.02;
p = 0.001) and reduction in serum insulin (WMD = −2.87; 95% CI: −3.96 to −1.78;
p < 0.00001) following 4–12 weeks of kefir consumption in patients with T2DM [245]. In
a controlled trial of newly diagnosed T2DM males, 100% of the patients in the kefir plus
metformin group experienced a significant decrease in both fasting blood glucose and
HbA1c over metformin alone (p < 0.05), indicating the microbiota-mediated enhancement
of glycemic control through upregulated GLUT4 translocation [246]. The consumption
of probiotic yogurt at a concentration of 300 g/day containing L. acidophilus La5 and B.
animalis subsp. lactis Bb12, 6 weeks, was found to decrease LDL cholesterol by 7.45% and
total cholesterol by 4.54% in patients with T2DM, together with a reduction in the ratio
of LDL/HDL cholesterol from 3.13 + 1.00 to 2.07 [247]. In a later meta-analysis study of
12 RCTs (n = 684), it was found that daily supplementation of probiotics in dairy prod-
ucts reduced C-reactive protein by 1.34 mg/L (95% CI: −1.76 to −0.92) in T2DM patients
(i.e., substantial attenuation of systemic inflammation) [167]. In cohorts of metabolic syn-
drome, the 12 weeks of kefir (180 mL/day) significantly lowered fasting blood glucose
from 95 + 9 to 83 + 8 mg/dL (p < 0.05), fasting insulin, HOMA-IR, TNF α, and IFN-γ, and
increased the abundance of beneficial Actinobacteria [179,248]. In one large cross-sectional
study, the higher cheese consumption was associated with significantly decreased risk of
obesity (adjusted OR = 0.70; 95% CI: 0.51–0.96; p < 0.05) [249]. Mechanistically, these bene-
fits are mediated by CLA-driven inhibition of the HMG CoA reductase, SCFA-mediated
suppression of NF-kB mediated by GPR43, and microbiota-driven secretion of GLP-1,
integrating multiple molecular pathways towards metabolic disease management [9,167].

6.3. Dysbiosis Recovery and Aging

DB compounds have shown clinical therapeutic potential in reversing pathological
dysbiosis in such diverse diseases as chemotherapy-induced microbiome disruption, HIV-
associated dysbiosis, antibiotic-induced community collapse, and age-associated microbial
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decline [15,41,159,250]. In a double-blind, placebo-controlled clinical trial in pediatric onco-
logical patients undergoing chemotherapy, oral bovine LF (200 mg/day for two months)
was shown to facilitate the eubiosis of the gut microbiome by controlling the proliferation
of pathobionts (in particular, Enterococcus) and maintaining the abundance of intesti-
nal health-associated taxa (such as Akkermansia) [250]. This is ultimately enhancing the
health outcomes and response to therapy [1,250]. In patients with HIV on antiretroviral
therapy, recombinant human LF (1500 mg twice daily) has not significantly affected the
composition of GM but provided microbial community stability through time [251]. This
suggests a role of microbial community stabilization rather than reconstruction in this
setting [251]. In a model of dysbiosis of the intestinal microbiome induced by antibiotic use,
the anti-inflammatory bacteria, including Bacteroidaceae, Prevotellaceae, and Rikenellaceae,
were restored to normal levels by both native and iron-saturated bovine LF, establishing
preclinical proof of concept for the dysbiosis-reversing capacity of bovine LF [252]. Aging
is linked to a progressive reduction in the abundance of colonic Bifidobacteria (90%), and this
is correlated with an increase in GI disorders, systemic inflammation, and impaired immu-
nity [253,254]. In a double-blind, placebo-controlled study of healthy elderly women, oral
bovine LF (1 g/day) was shown to induce an increase in Holdemanella in fecal microbiota,
and its combination with active galactooligosaccharides also increased Bifidobacterium
abundance, showing additive bifidogenic effects for an elderly population [255]. An oral
supplementation of HMOs (2’FL and LNnT) in healthy adults for two weeks had an effect
to elevate the relative abundance of Bifidobacterium up to >25% in some individuals, with
a concomitant decrease in Bacillota and Pseudomonadota, which showed that MO-based
intervention could induce juvenile-like bifidogenic states in elderly adults [256]. These
results collectively place DB compounds in the position of clinically proven therapeutic
tools in the management of dysbiosis at all ages, from chemotherapy-induced disruption
of microbial communities in children to the age-related microbial deterioration in elderly
people [250,252,253].

7. Challenges and Future Perspectives
7.1. Bioavailability and Standardization Issues

One of the major barriers to the translation of DB research to clinical practice is
the variability in the bioavailability of key compounds among individuals and types of
products [257]. BPs, LF, and MOs undergo gastrointestinal proteolysis, pH-dependent
degradation, and matrix interactions that greatly decrease their effective luminal concentra-
tions [258,259]. Post-fermentation processing used in food, such as heat treatment, spray
drying, and pasteurization, can also further degrade the viability of probiotics as well as the
stability of peptides [260]. However, pasteurized kefir still maintains EPSs-inducing IL-10,
implying that non-viable postbiotics still retain some function [104,261]. The direct prebiotic
activity of LF is highly strain-specific and influenced by the iron-saturation level, tempera-
ture, and dosage factors not often controlled in a consistent way in different studies [262].
Standardization of dairy matrices for clinical application requires the determination of
minimum effective doses, optimal fermentation parameters (pH, temperature, substrate
ratios), and validated biomarkers of bioactive delivery to the colon [1,9]. Addressing these
gaps is crucial if dairy bioactivities are to be developed as reproducible, evidence-based
therapeutic products.

7.2. Research Gaps and Clinical Translation

The most important methodological gap in the field is the reliance on overwhelmingly
short-term clinical designs [9,229]. Over 80% of the published RCTs of dairy matrices
fortified with probiotics use intervention periods of only 8–12 weeks, and this leaves

https://doi.org/10.3390/foods15112024

https://doi.org/10.3390/foods15112024


Foods 2026, 15, 2024 18 of 31

unresolved questions as to whether the restructuring of microbiota continues after discon-
tinuation or if chronic conditions develop favorably after long-term exposure [9,33]. Ex-
tended intervention–withdrawal cycles, such as six-month dosing followed by three-month
washout, are required to determine the resistance of the microbiota and host metabolic
memory [263]. Germ-free mouse models are also of mechanistic value, but have underde-
veloped immune systems and abnormal intestinal structure, so the models are less relevant
to model human dairy interventions [264]. Causal mechanisms between certain postbiotic
metabolites and clinical endpoints are yet unvalidated; engineered consortia in human-
ized models and well-controlled crossover trials with standardized dairy matrices have
to be performed to prove causality [9,229]. Furthermore, dose–response relationships for
individual compounds, mainly LF, GMP, and specific HMO structures, are incompletely
characterized in human subjects in different disease states [229,265].

7.3. Regulatory Considerations

The regulatory status of DB compounds as functional foods, medical foods, or nu-
traceuticals differs considerably from one jurisdiction to another, thus creating barriers
to market authorization and clinical use [266,267]. Most dairy bioactivities do not yet
have the quality of clinical evidence needed to make health claims at the drug level, and
regulatory agencies require reproducible compositional standards that fermented products
with batch-to-batch variability have great difficulty achieving [268,269]. Robust frame-
works for data ownership, consumer microbiome reporting, and consent for precision
nutrition platforms are underdeveloped [210,211,229]. Future regulatory pathways will
need to incorporate multi-omics data together with traditional RCT data, create standard-
ized compositional specifications for bioactive dairy fractions, and build adaptive approval
frameworks that take into account the variability of host-specific responses to allow dairy
bioactivities to progress from being traditional food ingredients to being targeted therapeu-
tic matrices [9,35].

8. Conclusions
This review shows that DB compounds that include WPs, MOs, BPs, and postbi-

otics that are fermentation-derived represent multi-target precision modulators of the
GM through mechanistically distinct prebiotic, antimicrobial, and cross-feeding pathways.
Their downstream effects go far beyond the gut lumen and include strengthening of the
integrity of the epithelial barrier, reprogramming of innate and adaptive immune networks,
and control of systemic IM homeostasis through the gut–brain and gut–liver axes. Clin-
ical evidence confirms the dose-dependent benefits in a range of metabolism disorders,
neonatal microbiome programming, and dysbiosis recovery, with effect magnitude mod-
ulated by enterotype, FUT2 genotype, and baseline microbiota composition. Integration
of metagenomics, metabolomics, and machine learning can now make the switch from
population-level dietary recommendations to individualized dairy formulations possible.
Addressing critical gaps in dose–response characterization, long-term trial design, and
regulatory standardization remains critical. Finally, DB compounds are evidence-based
candidates for targeted microbiota modulation in personalized IM health management.
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135. Öneş, E.; Zavotçu, M.; Nisan, N.; Baş, M.; Sağlam, D. Effects of Kefir Consumption on Gut Microbiota and Athletic Performance
in Professional Female Soccer Players: A Randomized Controlled Trial. Nutrients 2025, 17, 512. [CrossRef] [PubMed]

136. Nikniaz, Z.; Tabrizi, J.S.; Ghojazadeh, M.; Farhangi, M.A.; Hosseini, M.S.; Allameh, M.; Norouzi, S.; Nikniaz, L. Community-based
interventions to increase dairy intake in healthy populations: A systematic review. Public Health Rev. 2020, 41, 18. [CrossRef]

137. Bellikci-Koyu, E.; Sarer-Yurekli, B.P.; Akyon, Y.; Aydin-Kose, F.; Karagozlu, C.; Ozgen, A.G.; Brinkmann, A.; Nitsche, A.;
Ergunay, K.; Yilmaz, E.; et al. Effects of Regular Kefir Consumption on Gut Microbiota in Patients with Metabolic Syndrome: A
Parallel-Group, Randomized, Controlled Study. Nutrients 2019, 11, 2089. [CrossRef]

138. Sadiq, F.A.; De Reu, K.; Yang, N.; Burmølle, M.; Heyndrickx, M. Interspecies interactions in dairy biofilms drive community
structure and response against cleaning and disinfection. Biofilm 2024, 7, 100195. [CrossRef]

139. Zhang, Q.; Ren, J.; Zhao, H.; Zhao, M.; Xu, J.; Zhao, Q. Influence of casein hydrolysates on the growth and lactic acid production
of Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus. Int. J. Food Sci. Technol. 2011, 46, 1014–1020. [CrossRef]

140. Settachaimongkon, S.; Nout, M.R.; Fernandes, E.C.A.; Hettinga, K.A.; Vervoort, J.M.; van Hooijdonk, T.C.; Zwietering, M.H.;
Smid, E.J.; van Valenberg, H.J. Influence of different proteolytic strains of Streptococcus thermophilus in co-culture with Lactobacillus
delbrueckii subsp. bulgaricus on the metabolite profile of set-yoghurt. Int. J. Food Microbiol. 2014, 177, 29–36. [CrossRef]

141. Herve-Jimenez, L.; Guillouard, I.; Guedon, E.; Boudebbouze, S.; Hols, P.; Monnet, V.; Maguin, E.; Rul, F. Postgenomic analysis of
Streptococcus thermophilus cocultivated in milk with Lactobacillus delbrueckii subsp. bulgaricus: Involvement of nitrogen, purine,
and iron metabolism. Appl. Environ. Microbiol. 2009, 75, 2062–2073. [CrossRef]

142. Wachamo, S.; Gaultier, A. The emerging role of microbiota derived SCFAs in neurodegenerative disorders. Brain Behav. Immun.-
Health 2025, 46, 101012. [CrossRef]

143. Geirnaert, A.; Calatayud, M.; Grootaert, C.; Laukens, D.; Devriese, S.; Smagghe, G.; De Vos, M.; Boon, N.; Van de Wiele, T.
Butyrate-producing bacteria supplemented in vitro to Crohn’s disease patient microbiota increased butyrate production and
enhanced intestinal epithelial barrier integrity. Sci. Rep. 2017, 7, 11450. [CrossRef]

144. Hodgkinson, K.; El Abbar, F.; Dobranowski, P.; Manoogian, J.; Butcher, J.; Figeys, D.; Mack, D.; Stintzi, A. Butyrate’s role in
human health and the current progress towards its clinical application to treat gastrointestinal disease. Clin. Nutr. 2023, 42, 61–75.
[CrossRef]

145. Barbara, G.; Barbaro, M.R.; Fuschi, D.; Palombo, M.; Falangone, F.; Cremon, C.; Marasco, G.; Stanghellini, V. Inflammatory and
Microbiota-Related Regulation of the Intestinal Epithelial Barrier. Front. Nutr. 2021, 8, 718356. [CrossRef]

146. Vancamelbeke, M.; Vermeire, S. The intestinal barrier: A fundamental role in health and disease. Expert Rev. Gastroenterol. Hepatol.
2017, 11, 821–834. [CrossRef]

147. Lee, B.; Moon, K.M.; Kim, C.Y. Tight Junction in the Intestinal Epithelium: Its Association with Diseases and Regulation by
Phytochemicals. J. Immunol. Res. 2018, 2018, 2645465. [CrossRef]

148. Monaco, A.; Ovryn, B.; Axis, J.; Amsler, K. The Epithelial Cell Leak Pathway. Int. J. Mol. Sci. 2021, 22, 7677. [CrossRef]
149. Guzmán-Mejía, F.; Molotla-Torres, D.E.; Godínez-Victoria, M.; Valdes-Hilarios, X.; Sánchez-Miranda, E.; Oros-Pantoja, R.; Drago-

Serrano, M.E. Looking Inside of the Intestinal Permeability Regulation by Protein-Derivatives from Bovine Milk. Mol. Nutr. Food
Res. 2024, 68, e2400384. [CrossRef]

150. Ulluwishewa, D.; Mullaney, J.; Adam, K.; Claycomb, R.; Anderson, R.C. A bioactive bovine whey protein extract improves
intestinal barrier function in vitro. JDS Commun. 2022, 3, 387–392. [CrossRef]

151. Seth, A.; Yan, F.; Polk, D.B.; Rao, R.K. Probiotics ameliorate the hydrogen peroxide-induced epithelial barrier disruption by a
PKC- and MAP kinase-dependent mechanism. Am. J. Physiol. Gastrointest. Liver Physiol. 2008, 294, G1060–G1069. [CrossRef]

152. Guo, H.; Yu, L.; Tian, F.; Chen, W.; Zhai, Q. The potential therapeutic role of Lactobacillaceae rhamnosus for treatment of inflammatory
bowel disease. Foods 2023, 12, 692. [CrossRef]

153. Gao, J.; Li, Y.; Wan, Y.; Hu, T.; Liu, L.; Yang, S.; Gong, Z.; Zeng, Q.; Wei, Y.; Yang, W. A novel postbiotic from Lactobacillus rhamnosus
GG with a beneficial effect on intestinal barrier function. Front. Microbiol. 2019, 10, 477. [CrossRef]

154. Yang, S.; Xu, X.; Peng, Q.; Ma, L.; Qiao, Y.; Shi, B. Exopolysaccharides from lactic acid bacteria, as an alternative to antibiotics, on
regulation of intestinal health and the immune system. Anim. Nutr. 2023, 13, 78–89. [CrossRef]

155. Illikoud, N.; Mantel, M.; Rolli-Derkinderen, M.; Gagnaire, V.; Jan, G. Dairy starters and fermented dairy products modulate gut
mucosal immunity. Immunol. Lett. 2022, 251, 91–102. [CrossRef]

https://doi.org/10.3390/foods15112024

https://doi.org/10.7554/eLife.70684
https://www.ncbi.nlm.nih.gov/pubmed/35147079
https://doi.org/10.1128/spectrum.02193-24
https://doi.org/10.3390/nu17030512
https://www.ncbi.nlm.nih.gov/pubmed/39940370
https://doi.org/10.1186/s40985-020-00135-4
https://doi.org/10.3390/nu11092089
https://doi.org/10.1016/j.bioflm.2024.100195
https://doi.org/10.1111/j.1365-2621.2011.02578.x
https://doi.org/10.1016/j.ijfoodmicro.2014.02.008
https://doi.org/10.1128/AEM.01984-08
https://doi.org/10.1016/j.bbih.2025.101012
https://doi.org/10.1038/s41598-017-11734-8
https://doi.org/10.1016/j.clnu.2022.10.024
https://doi.org/10.3389/fnut.2021.718356
https://doi.org/10.1080/17474124.2017.1343143
https://doi.org/10.1155/2018/2645465
https://doi.org/10.3390/ijms22147677
https://doi.org/10.1002/mnfr.202400384
https://doi.org/10.3168/jdsc.2022-0245
https://doi.org/10.1152/ajpgi.00202.2007
https://doi.org/10.3390/foods12040692
https://doi.org/10.3389/fmicb.2019.00477
https://doi.org/10.1016/j.aninu.2023.02.004
https://doi.org/10.1016/j.imlet.2022.11.002
https://doi.org/10.3390/foods15112024


Foods 2026, 15, 2024 26 of 31

156. Lao, L.; Yang, G.; Zhang, A.; Liu, L.; Guo, Y.; Lian, L.; Pan, D.; Wu, Z. Anti-inflammation and gut microbiota regulation properties
of fatty acids derived from fermented milk in mice with dextran sulfate sodium-induced colitis. J. Dairy Sci. 2022, 105, 7865–7877.
[CrossRef]

157. Yu, W.; Sun, S.; Yan, Y.; Zhou, H.; Liu, Z.; Fu, Q. The role of short-chain fatty acid in metabolic syndrome and its complications:
Focusing on immunity and inflammation. Front. Immunol. 2025, 16, 1519925.

158. Le Do, Q.; Malau, I.A.; Nguyen, H.T.; Liu, J.; Chang, J.P.-C.; Su, K.-P. Circulating Short-Chain Fatty Acid (SCFA) Profiles as a
Biomarker of Gut-Brain Axis Dysfunction: A Meta-Analysis for the SCFA Signature in Major Depression. Biomed. J. 2026, 49,
100968.

159. Modrego, J.; Pantoja-Arévalo, L.; Gómez-Garre, D.; Gesteiro, E.; González-Gross, M. Dairy-Gut Microbiome Interactions:
Implications for Immunity, Adverse Reactions to Food, Physical Performance and Cardiometabolic Health—A Narrative Review.
Nutrients 2025, 17, 3312. [CrossRef]

160. Yuan, F.; Han, X.; Huang, M.; Su, Y.; Zhang, Y.; Hu, M.; Yu, X.; Jin, W.; Li, Y.; Zhang, L. The human milk-derived peptide drives
rapid regulation of macrophage inflammation responses in the neonatal intestine. Cell. Mol. Gastroenterol. Hepatol. 2025, 19,
101420. [CrossRef]

161. Lee, G.; Jin, Y.; Lee, S.A.; Lee, S.-Y.; Lee, H.; Nan, Z.; Yoon, C.-S.; Lee, D.-S. Anti-Neuroinflammatory Effects of a Representative
Low-Molecular-Weight Component Isolated from Codium fragile Through Inhibition of the NF-κB Pathway in Microglia and
Macrophage Cells. Mar. Drugs 2026, 24, 38. [CrossRef]

162. Shao, J.; Li, Y.; Wang, Z.; Xiao, M.; Yin, P.; Lu, Y.; Qian, X.; Xu, Y.; Liu, J. 7b, a novel naphthalimide derivative, exhibited anti-
inflammatory effects via targeted-inhibiting TAK1 following down-regulation of ERK1/2-and p38 MAPK-mediated activation of
NF-κB in LPS-stimulated RAW264. 7 macrophages. Int. Immunopharmacol. 2013, 17, 216–228. [CrossRef]

163. Hsia, C.-H.; Velusamy, M.; Jayakumar, T.; Chen, Y.-J.; Hsia, C.-W.; Tsai, J.-H.; Teng, R.-D.; Sheu, J.-R. Mechanisms of TQ-6, a
novel ruthenium-derivative compound, against lipopolysaccharide-induced in vitro macrophage activation and liver injury in
experimental mice: The crucial role of p38 MAPK and NF-κB signaling. Cells 2018, 7, 217. [CrossRef]

164. Panahipour, L.; Kochergina, E.; Kreissl, A.; Haiden, N.; Gruber, R. Milk modulates macrophage polarization in vitro. Cytokine X
2019, 1, 100009. [CrossRef]

165. Cai, J.; Yan, X.; Liu, X.; Yin, X.; Shi, A.; Ji, C.; Cao, Y. Human β-casein-derived peptide BCCY-1 improved the intestinal barrier
integrity by regulating the TLR4/eNOS/3-Nitrotyrosine axis. Food Chem. 2025, 463, 140821. [CrossRef] [PubMed]

166. Henrick, B.M.; Rodriguez, L.; Lakshmikanth, T.; Pou, C.; Henckel, E.; Arzoomand, A.; Olin, A.; Wang, J.; Mikes, J.; Tan, Z.; et al.
Bifidobacteria-mediated immune system imprinting early in life. Cell 2021, 184, 3884–3898.e11. [CrossRef]

167. Yao, K.; Zeng, L.; He, Q.; Wang, W.; Lei, J.; Zou, X. Effect of probiotics on glucose and lipid metabolism in type 2 diabetes mellitus:
A meta-analysis of 12 randomized controlled trials. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 2017, 23, 3044. [CrossRef]

168. Mukarromah, T.A.; Rustanti, N.; Mahati, E.; Suparmi, S.; Ayustaningwarno, F. The Impact of Fermented Milk Products on Gut
Microbiota-Derived Metabolites in Obesity: A Narrative Review. J. Food Sci. 2025, 90, e70301. [CrossRef]

169. Kibbie, J.J.; Dillon, S.M.; Thompson, T.A.; Purba, C.M.; McCarter, M.D.; Wilson, C.C. Butyrate directly decreases human gut
lamina propria CD4 T cell function through histone deacetylase (HDAC) inhibition and GPR43 signaling. Immunobiology 2021,
226, 152126. [CrossRef]

170. Steliou, K.; Boosalis, M.S.; Perrine, S.P.; Sangerman, J.; Faller, D.V. Butyrate histone deacetylase inhibitors. Biores. Open Access
2012, 1, 192–198. [CrossRef]

171. Peng, L.; Li, Z.R.; Green, R.S.; Holzman, I.R.; Lin, J. Butyrate enhances the intestinal barrier by facilitating tight junction assembly
via activation of AMP-activated protein kinase in Caco-2 cell monolayers. J. Nutr. 2009, 139, 1619–1625. [CrossRef]

172. Szajnar, K.; Pawlos, M.; Kowalczyk, M.; Drobniak, J.; Znamirowska-Piotrowska, A. Fermented Milk Supplemented with Sodium
Butyrate and Inulin: Physicochemical Characterization and Probiotic Viability Under In Vitro Simulated Gastrointestinal Digestion.
Nutrients 2025, 17, 2249. [CrossRef]

173. Xu, S.; Boylston, T.D.; Glatz, B.A. Conjugated linoleic acid content and organoleptic attributes of fermented milk products
produced with probiotic bacteria. J. Agric. Food Chem. 2005, 53, 9064–9072. [CrossRef]

174. Reihnér, E.; Rudling, M.; Ståhlberg, D.; Berglund, L.; Ewerth, S.; Björkhem, I.; Einarsson, K.; Angelin, B. Influence of pravastatin, a
specific inhibitor of HMG-CoA reductase, on hepatic metabolism of cholesterol. N. Engl. J. Med. 1990, 323, 224–228. [CrossRef]

175. Kim, D.H.; Kim, H.; Jeong, D.; Kang, I.B.; Chon, J.W.; Kim, H.S.; Song, K.Y.; Seo, K.H. Kefir alleviates obesity and hepatic steatosis
in high-fat diet-fed mice by modulation of gut microbiota and mycobiota: Targeted and untargeted community analysis with
correlation of biomarkers. J. Nutr. Biochem. 2017, 44, 35–43. [CrossRef]

176. Lahrairi, M.; Jmaili, K.; Mahmoudi, M.; Bahlaouan, B.; Bessi, H.; Boutaleb, N. The Science of Kefir: Advances in Microbial Ecology,
Bioprocess Control, and Functional Health Outcomes. Nat. Built Soc. Environ. Health 2026, 2, 137–163. [CrossRef]

177. Qaisrani, Z.N.; Lin, W.P.; Lay, B.B.; Phyo, K.Y.; San, M.M.; Awaeloh, N.; Aunsorn, S.; Pattanayaiying, R.; Na Ayudthaya, S.P.;
Hongkulsup, C. The impact of kefir consumption on inflammation, oxidative stress status, and metabolic-syndrome-related
parameters in animal models: A systematic review and meta-analysis. Foods 2025, 14, 2077. [CrossRef]

https://doi.org/10.3390/foods15112024

https://doi.org/10.3168/jds.2022-21877
https://doi.org/10.3390/nu17203312
https://doi.org/10.1016/j.jcmgh.2024.101420
https://doi.org/10.3390/md24010038
https://doi.org/10.1016/j.intimp.2013.06.008
https://doi.org/10.3390/cells7110217
https://doi.org/10.1016/j.cytox.2019.100009
https://doi.org/10.1016/j.foodchem.2024.140821
https://www.ncbi.nlm.nih.gov/pubmed/39244994
https://doi.org/10.1016/j.cell.2021.05.030
https://doi.org/10.12659/MSM.902600
https://doi.org/10.1111/1750-3841.70301
https://doi.org/10.1016/j.imbio.2021.152126
https://doi.org/10.1089/biores.2012.0223
https://doi.org/10.3945/jn.109.104638
https://doi.org/10.3390/nu17132249
https://doi.org/10.1021/jf051030u
https://doi.org/10.1056/NEJM199007263230403
https://doi.org/10.1016/j.jnutbio.2017.02.014
https://doi.org/10.63095/NBSEH.26.854477
https://doi.org/10.3390/foods14122077
https://doi.org/10.3390/foods15112024


Foods 2026, 15, 2024 27 of 31

178. Ejtahed, H.S.; Mohtadi-Nia, J.; Homayouni-Rad, A.; Niafar, M.; Asghari-Jafarabadi, M.; Mofid, V.; Akbarian-Moghari, A. Effect of
probiotic yogurt containing Lactobacillus acidophilus and Bifidobacterium lactis on lipid profile in individuals with type 2 diabetes
mellitus. J. Dairy Sci. 2011, 94, 3288–3294. [CrossRef]

179. da Silva Ghizi, A.C.; de Almeida Silva, M.; de Andrade Moraes, F.S.; da Silva, C.L.; Endringer, D.C.; Scherer, R.; Lenz, D.; de
Lima, E.M.; Brasil, G.A.; Maia, J.F. Kefir improves blood parameters and reduces cardiovascular risks in patients with metabolic
syndrome. PharmaNutrition 2021, 16, 100266. [CrossRef]

180. Yen, C.C.; Tsai, C.L.; Chang, G.R.; Ko, C.H.; Tu, M.Y.; Lan, Y.W.; Chen, H.L.; Chen, C.M. Kefir-derived exopolysaccharide
ameliorates hyperglycemic control and beta cell integrity in a rat model of type 2 diabetes mellitus. Nutr. Diabetes 2025, 15, 36.
[CrossRef]

181. Apalowo, O.E.; Adegoye, G.A.; Mbogori, T.; Kandiah, J.; Obuotor, T.M. Nutritional characteristics, health impact, and applications
of kefir. Foods 2024, 13, 1026. [CrossRef]

182. Shuai, M.; Miao, Z.; Gou, W.; Xu, F.; Jiang, Z.; Ling, C.-w.; Fu, Y.; Xiong, F.; Chen, Y.-m.; Zheng, J.-S. Multi-omics analyses reveal
relationships among dairy consumption, gut microbiota and cardiometabolic health. EBioMedicine 2021, 66, 103284. [CrossRef]

183. Mohammad, I.; Ansari, M.R.; Khan, M.S.; Bari, M.N.; Kamal, M.A.; Poyil, M.M. Beyond Digestion: The Gut Microbiota as an
Immune–Metabolic Interface in Disease Modulation. Gastrointest. Disord. 2025, 7, 77. [CrossRef]

184. Robinson, S.R.; Greenway, F.L.; Deth, R.C.; Fayet-Moore, F. Effects of Different Cow-Milk Beta-Caseins on the Gut-Brain Axis: A
Narrative Review of Preclinical, Animal, and Human Studies. Nutr. Rev. 2025, 83, e1259–e1269. [CrossRef]

185. Park, Y.W.; Nam, M.S. Bioactive Peptides in Milk and Dairy Products: A Review. Korean J. Food Sci. Anim. Resour. 2015, 35,
831–840. [CrossRef]

186. Albuquerque Pereira, M.d.F.; Morais de Ávila, L.G.; Ávila Alpino, G.d.C.; dos Santos Cruz, B.C.; Almeida, L.F.; Macedo Simões, J.;
Ladeira Bernardes, A.; Xisto Campos, I.; de Oliveira Barros Ribon, A.; de Oliveira Mendes, T.A. Milk kefir alters fecal microbiota
impacting gut and brain health in mice. Appl. Microbiol. Biotechnol. 2023, 107, 5161–5178. [CrossRef]

187. van de Wouw, M.; Walsh, C.J.; Vigano, G.M.D.; Lyte, J.M.; Boehme, M.; Gual-Grau, A.; Crispie, F.; Walsh, A.M.; Clarke, G.; Dinan,
T.G.; et al. Kefir ameliorates specific microbiota-gut-brain axis impairments in a mouse model relevant to autism spectrum
disorder. Brain Behav. Immun. 2021, 97, 119–134. [CrossRef]

188. Wu, Z.; Wang, P.; Pan, D.; Zeng, X.; Guo, Y.; Zhao, G. Effect of adzuki bean sprout fermented milk enriched in γ-aminobutyric
acid on mild depression in a mouse model. J. Dairy Sci. 2021, 104, 78–91. [CrossRef]

189. He, W.; Song, H.; Yang, Z.; Zhao, S.; Min, J.; Jiang, Y. Beneficial effect of GABA-rich fermented milk whey on nervous system and
intestinal microenvironment of aging mice induced by D-galactose. Microbiol. Res. 2024, 278, 127547. [CrossRef]

190. Han, M.; Dong, Y.; Wang, S.; Huang, X.; Bai, C.; Gai, Z. Regulation of gut microbiota and serum neurotransmitters in mice
by Streptococcus thermophilus GA8-and Lacticaseibacillus rhamnosus HAO9-fermented milk containing high levels of gamma-
aminobutyric acid. J. Sci. Food Agric. 2024, 104, 8050–8058. [CrossRef]

191. Sousa, R.J.M.; Baptista, J.A.B.; Silva, C.C.G. Consumption of fermented dairy products is associated with lower anxiety levels in
Azorean university students. Front. Nutr. 2022, 9, 930949. [CrossRef]

192. Jena, R.; Choudhury, P.K. Lactic acid bacteria in fermented dairy foods: Gamma-aminobutyric acid (GABA) production and its
therapeutic implications. Food Biosci. 2024, 62, 105276. [CrossRef]

193. Qian, X.; Li, Q.; Zhu, H.; Chen, Y.; Lin, G.; Zhang, H.; Chen, W.; Wang, G.; Tian, P. Bifidobacteria with indole-3-lactic acid-
producing capacity exhibit psychobiotic potential via reducing neuroinflammation. Cell Rep. Med. 2024, 5, 101798. [CrossRef]

194. Madison, C.A.; Hillbrick, L.; Kuempel, J.; Albrecht, G.L.; Landrock, K.K.; Safe, S.; Chapkin, R.S.; Eitan, S. Intestinal epithelium
aryl hydrocarbon receptor is involved in stress sensitivity and maintaining depressive symptoms. Behav. Brain Res. 2023, 440,
114256. [CrossRef]

195. Anand, S.; Mande, S.S. Host-microbiome interactions: Gut-Liver axis and its connection with other organs. NPJ Biofilms
Microbiomes 2022, 8, 89. [CrossRef]

196. Du, Y.; He, C.; An, Y.; Huang, Y.; Zhang, H.; Fu, W.; Wang, M.; Shan, Z.; Xie, J.; Yang, Y.; et al. The Role of Short Chain Fatty Acids
in Inflammation and Body Health. Int. J. Mol. Sci. 2024, 25, 7379. [CrossRef]
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